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Single-molecule stretching experiments on DNA, RNA, and other biological macromolecules opened
up the possibility of an impressive progress in many fields of Life and Medical sciences. The reliability
of such experiments may be crucially limited by the possibility of determining the influence of the
apparatus on the experimental outputs. Here we deduce an analytical model that we show to
be coherent with previous numerical results and that quantitively reproduce AFM experimental
tests on titin macromolecules and P-selectin AFM experiments with variable probe stiffnesses. We
believe that the obtained analytical description can represent an important step forward in the
interpretation of Single Molecule Force Spectroscopy experiments and intermolecular interactions
phenomena.
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INTRODUCTION
The comprehension of the role of mechanical forces at
the molecular level represents nowadays the focus of in-
credible efforts in many different research fields of Bi-
ology, Biomechanics, Material Engineering, Biomedical
Sciences. Fundamental phenomena such as DNA and
RNA hairpins unfolding and refolding in enzymatic ac-
tivity, sensing of metabolites, transcription termination
and attenuation, morphogenic phenomena, cell motility
and focal adhesion and so on cannot be described with-
out a clear model of the underlying mechanical fields and
macromolecular and cells force-response [1].
In recent years the possibility for the experimental
study of protein and cells mechanical responses by Sin-
gle Molecule Force Spectroscopy (SMFS) gave a great
impulse in the understanding of the effects of mechan-
ical forcees in the natural environment based on high-
precision instruments such as Atomic Force Microscopes
(AFM), optical tweezers, magnetic tweezers, micronee-
dles. Differently from classical temperature or chemical
denaturant based manipulation techniques, SMFS allows
for the choice of specific trajectories in complex bumpy
energy manifolds, with the possibility of analyzing the
relative stability of locally stable configurations and topo-
logical properties of the entire bumpy energy landscapes
[2–4]. An important example is observed in the fold-
ing and refolding phenomena of the RNA or DNA sec-
ondary structure underlying gene transcription. Indeed
in this case SMFS experiments show that unzipping prop-
agates through a single stranded/unstranded front (di-
block behavior) [5] that is not observed for temperature
of chemically induced denaturation. Moreover SMFS ex-
periments are clearly fundamental for the many proteins
that are designated to withstand or transmit forces such
as cytoskeletal or muscle protein macromolecules.
One of the main drawbacks of SMFS is that the ob-
served force-end to end distance diagrams are strongly
influenced by unavoidable effects due to the pulling de-
vice. Although a significant effort both in a theoretical
and in an experimental perspective have been pursued on
[6, 7], these effects are often neglected in many theoret-
ical approaches and underestimated in the experimental
field. In particular the two main aspects to be analyzed
in this perspective are rate of loading effects and probe
stiffness effects.
The theory proposed in this paper is based on equilib-
rium Statistical Mechanics so that our results can be ap-
plied to the rate-independent regime. This corresponds
to the assumption that the relaxation rate to the energy
minimum of the molecular chain is much higher than the
external loading rate. In this perspective we point out
that two different behaviors have been typically observed
[8, 9]. At high rate of loading a rate dependent regime
is observed and Kramer type relations are adopted with
unfolding forces (logarithmly) growing with the loading
rate [10]. At low rate of loading (kv < 10 pN, where k is
the instrument stiffness and v the pulling rate [8]) con-
stant force thresholds are observed (quasistatic regime)
with the force influenced from the only stiffness k. This
rate-independent regime characterizes many SFMS ex-
periments as well as many unfolding [11] and detaching
ligand-receptor phenomena in physiological regimes [8].
Under our assumption of rate independence the main
experimental artifact in SMFS experiments can be as-
cribed to the device stiffness. As reported e.g. in [12]
different experimental devices can show force transducer
stiffnesses differing of five order of magnitudes (from 10−3
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2to 100 N m−1). Two ideal extreme cases can be con-
sidered depending on the ratio between the cantilever
and the molecule stiffness [6, 13]. The first theoretical
analysis case based on a Statistical Mechanics approach
considering the probe energy was delivered in [13] where
the authors model the molecule as a chain of elements
with convex potential energy in series with an harmonic
springs with variable stiffness describing the probe effect.
Numerical examples to describe the experimental behav-
ior of poly (ethylene glycol) molecules have also been
analyzed.
In the case of stiff cantilevers (hard device) the sys-
tem can be described using the Helmholtz ensemble: the
molecule is held at a fixed extension with the correspond-
ing force representing a ‘fluctuating’ dual variable. In the
opposite case of soft cantilever (soft device), the Gibbs
ensemble is adopted with an assigned force acting on the
molecule and a fluctuating end-to-end length. The two
ensemble can be shown to be equivalent in the thermody-
namical limit with the Helmholtz and Gibbs free energies
correlated by a Legendre transform [14].
Even more important is the effect of probe stiffness
when one considers, as we do in this paper, molecules
constituted by elements exhibiting two (or more) ‘stable’
configurations. As we show in this paper, completely
different experimental responses can be observed for the
same macromolecule under such different experimental
boundary conditions. For example in the fundamental
case of protein macromolecules constituted by two state
(folded/unfolded) modules, by varying the probe stiff-
ness the behavior can range from force-plateaux to saw-
tooth force-elongation diagrams corresponding to a co-
operative and a non cooperative transition, respectively
[14–16]. This results also in important variations of the
force inducing the dissociation of a molecular complex
[17] the unfolding of a protein [18] or of higher-order pro-
tein structure [19].
From a theoretical point of view this corresponds to
the non simple extension of the theory in [13] to chains
of elements with non convex potential energies. In the
following, to fix the ideas, we focus (in the experimental
validation and in the nomenclature) on systems of ele-
ments undergoing conformational transitions between a
folded (e.g. α-helices and β-sheets structures) and un-
folded state as widely observed in stretching experiments
of biomolecules. On the other hand, systems with non
convex (free) energies have been successfully adopted in
several fields: the application of Landau theory for the
description of the appearance of spontaneous magneti-
zation in the ordered phase (below the critical temper-
ature) [20] or the martensitic phase transformation of
shape-memory alloys [21] are well known successful ex-
amples of this approach. The obtained results can then
be important also in several other different fields.
It is important to remark that also the case of chains
with non convex energies has been extensively analyzed.
In particular we recall that the possibility of deducing
the hard and soft cases as limit models for a system with
variable probe stiffness, was numerically shown in [13]
in the deduction of a model predicting the behavior of
single polyethylene glycol chains AFM experiment.The
analysis is more subtle when one considers local energy
minimizers (metastable configurations) that can survive
also in the thermodynamical limit [22]. The case of a
chain with two-wells energy, in the limit of hard device,
has been studied in [23]. In particular, in order to obtain
an analytical expression of the partition function and an-
alyze the thermodynamical limit, the authors use the ap-
proximation that we adopt here to extend the quadratic
energy wells beyond the spinodal point. The transition
to the soft regime has been studied using Monte Carlo
numerical simulations in [24].
On the other hand in real experiment one cannot ex-
pect a regime completely described by the hard or soft
device limits. On the contrary, one would like to have a
theory describing and predicting the behavior of the un-
folding phenomenon in an intermediate regime. In this
paper we precisely address this issue and move forward
in this field. We are able to obtain explicit expressions
for the partition function and force-strain relations that
are valid in the whole range of values of the measuring
device stiffness.
The comparison with AFM pulling behavior on titin
macromolecule and P-selectin single module unfolding at
different probe stiffnesses demonstrate the effectiveness
of the model in describing the experimental response of
real biological molecules with particular accurate predic-
tivity.
RESULTS
Consider an AFM experiments on a molecule consti-
tuted by bi-stable elements. To fix the idea we refer to
the important case of a protein molecule (such as titin
[18]) constituted by (α-helix or β-sheets) folded elements
undergoing a conformational transition (unfolding) due
to the elongation imposed by a pulling device (see the
scheme in Fig.1). We model the macromolecule as a chain
of N masses connected by bistable springs and a probe
connected to the N -th oscillator through a spring with
stiffness kd. We want to analyze an experiment with as-
signed displacement d.
The potential energy of the chain is Vc =
∑N
i=1
L
Nϕ(εi),
where L is the end to end length of the unloaded
molecule. Since the folded/unfolded transition of pro-
tein folded domains is typically an all or none tran-
sition we assume for each domain a two well energy
ϕ(εi) =
kp
2 (εi − εuχi)2. Here εi is the strain of the i-
th spring, χi is a ‘spin variable’ such that χi = 0 if the
i-th spring is in the first (folded) state and χi = 1 > 0 if it
is in the second (unfolded) state and εu is the reference
3strain of the second well. Observe that to get analyti-
cal results we approximate the energy wells by parabolic
laws and that for simplicity of notation we assume that
the spring stiffness kp is the same in the two states. We
assume also that the transition (Maxwell) force of the
springs is zero. The following analysis is easily extended
to the case when these hypotheses are not assumed. In
particular fully analytical results can be attained when
the two well energy is approximated by a two parabolic
wells with different stiffnesses and non zero Maxwell force
[15].
The total (molecule plus loading device) potential en-
ergy is obtained adding the energy Vd of the measurement
device. For small displacements (∼ 150 nm) we can ap-
proximate the probe as a linear spring [25]. We thus have
V = Vc + Vd =
N∑
i=1
L
N
kp
(εi − εuχi)2
2
+ αLkd
ε2d
2
(1)
where εd is the probe deformation and αLεd is its length.
The assigned displacement is then related to the strains
by the following relation:
d =
N∑
i=1
L
N
εi + αLεd = L(ε¯+ αεd) (2)
where we have introduced the average chain strain
ε¯ =
1
N
N∑
i=1
εi. (3)
Zero temperature.— Consider first the zero tempera-
ture limit when the equilibrium configurations are char-
acterized by a constant force F with
εi =
F
kp
+ εuχi i = 1, ..., N, εd =
F
kd
. (4)
We then obtain the force-strain relation
F = kp(ε¯− εu χ¯), (5)
where χ¯ :=
1
N
N∑
i=1
χi ∈ [0, 1] is the fraction of unfolded
elements.
By using (2)-(5) we then obtain that at equilibrium
ε¯ = γδ + (1− γ)εu χ¯, (6)
where δ = d/L and
γ =
kd
kd + αkp
∈ ]0, 1[ , (7)
is the main non dimensional parameter of the paper mea-
suring the relative stiffness of the probe vs the full (chain
0 χi
εi
φ(εi)
d
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Figure 1. Scheme of an SFMS experiment for the analysis
of the unfolding of a protein molecule constituted by mod-
ules undergoing a folded/unfolded transition here modeled
through a two well potential energy assumption.
plus probe) system. The ideal limits of ‘hard’ and‘soft’
devices correspond to γ → 1 and γ → 0, respectively.
Using (1) and (5) it is possible to obtain the (non
dimensionalized) force F˜ = Fkp and potential energy
V˜ = VkpL for the generic equilibrium configuration at
given unfolded fraction χ¯:
F˜ (δ) = γ(δ − εu χ¯),
V˜ (δ) = γ2 (δ − εu χ¯)2.
(8)
Observe that all two-phase solutions with χ¯ ∈]0, 1[ are
defined only for ‖F˜‖ ≤ εu. Thus, the existence domain
of each equilibrium branch is
δ ∈
[
εu χ¯− 1
γ
, εu χ¯+
1
γ
]
. (9)
The fully folded state is defined for δ ≤ 1γ whereas the
fully unfolded configuration for δ ≥ εu − 1γ .
One can deduce that all these solutions are metastable
(local energy minima) due to the local convexity of the
energy of both springs and probe. The global minima of
the energy can be evaluated using (8). The two-phase
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"¯
<latexit sha1_base64="XgHxdsN3IPqRd0q0+Ppelafv71Q=">AAACBXicbVC7TsNAEDzzDOHlQElzIk KiimyEBGUEDWWQyEOKo2h92YRTzmfrbh0UWan5Clqo6BAt30HBv+CEFJAw1WhmVzs7YaKkJc/7dFZW19Y3Ngtbxe2d3b19t3TQsHFqBNZFrGLTCsGikhrrJElhKzEIUaiwGQ6vp35zhMbKWN/ROMFOBAMt+1IA5VLXLQ UhmCwYgcHEShXrSdctexVvBr5M/DkpszlqXfcr6MUijVCTUGBt2/cS6mRgSAqFk2KQWkxADGGA7ZxqiNB2sln0CT9JLVDMEzRcKj4T8fdGBpG14yjMJyOge7voTcX/vHZK/ctOJnWSEmoxPURS4eyQFUbmnSDvSYNEME 2OXGouwAARGslBiFxM85KKeR/+4vfLpHFW8b2Kf3terl7NmymwI3bMTpnPLliV3bAaqzPBHtgTe2YvzqPz6rw57z+jK85855D9gfPxDfR9mQI=</latexit><latexit sha1_base64="XgHxdsN3IPqRd0q0+Ppelafv71Q=">AAACBXicbVC7TsNAEDzzDOHlQElzIk KiimyEBGUEDWWQyEOKo2h92YRTzmfrbh0UWan5Clqo6BAt30HBv+CEFJAw1WhmVzs7YaKkJc/7dFZW19Y3Ngtbxe2d3b19t3TQsHFqBNZFrGLTCsGikhrrJElhKzEIUaiwGQ6vp35zhMbKWN/ROMFOBAMt+1IA5VLXLQ UhmCwYgcHEShXrSdctexVvBr5M/DkpszlqXfcr6MUijVCTUGBt2/cS6mRgSAqFk2KQWkxADGGA7ZxqiNB2sln0CT9JLVDMEzRcKj4T8fdGBpG14yjMJyOge7voTcX/vHZK/ctOJnWSEmoxPURS4eyQFUbmnSDvSYNEME 2OXGouwAARGslBiFxM85KKeR/+4vfLpHFW8b2Kf3terl7NmymwI3bMTpnPLliV3bAaqzPBHtgTe2YvzqPz6rw57z+jK85855D9gfPxDfR9mQI=</latexit><latexit sha1_base64="XgHxdsN3IPqRd0q0+Ppelafv71Q=">AAACBXicbVC7TsNAEDzzDOHlQElzIk KiimyEBGUEDWWQyEOKo2h92YRTzmfrbh0UWan5Clqo6BAt30HBv+CEFJAw1WhmVzs7YaKkJc/7dFZW19Y3Ngtbxe2d3b19t3TQsHFqBNZFrGLTCsGikhrrJElhKzEIUaiwGQ6vp35zhMbKWN/ROMFOBAMt+1IA5VLXLQ UhmCwYgcHEShXrSdctexVvBr5M/DkpszlqXfcr6MUijVCTUGBt2/cS6mRgSAqFk2KQWkxADGGA7ZxqiNB2sln0CT9JLVDMEzRcKj4T8fdGBpG14yjMJyOge7voTcX/vHZK/ctOJnWSEmoxPURS4eyQFUbmnSDvSYNEME 2OXGouwAARGslBiFxM85KKeR/+4vfLpHFW8b2Kf3terl7NmymwI3bMTpnPLliV3bAaqzPBHtgTe2YvzqPz6rw57z+jK85855D9gfPxDfR9mQI=</latexit><latexit sha1_base64="XgHxdsN3IPqRd0q0+Ppelafv71Q=">AAACBXicbVC7TsNAEDzzDOHlQElzIk KiimyEBGUEDWWQyEOKo2h92YRTzmfrbh0UWan5Clqo6BAt30HBv+CEFJAw1WhmVzs7YaKkJc/7dFZW19Y3Ngtbxe2d3b19t3TQsHFqBNZFrGLTCsGikhrrJElhKzEIUaiwGQ6vp35zhMbKWN/ROMFOBAMt+1IA5VLXLQ UhmCwYgcHEShXrSdctexVvBr5M/DkpszlqXfcr6MUijVCTUGBt2/cS6mRgSAqFk2KQWkxADGGA7ZxqiNB2sln0CT9JLVDMEzRcKj4T8fdGBpG14yjMJyOge7voTcX/vHZK/ctOJnWSEmoxPURS4eyQFUbmnSDvSYNEME 2OXGouwAARGslBiFxM85KKeR/+4vfLpHFW8b2Kf3terl7NmymwI3bMTpnPLliV3bAaqzPBHtgTe2YvzqPz6rw57z+jK85855D9gfPxDfR9mQI=</latexit> 0.2 0.4 0.6 0.8 1.0 1.2 1.4
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"¯
<latexit sha1_base64="XgHxdsN3IPqRd0q0+Ppelafv71Q=">AAACBXicbVC7TsNAEDzzDOHlQElzIk KiimyEBGUEDWWQyEOKo2h92YRTzmfrbh0UWan5Clqo6BAt30HBv+CEFJAw1WhmVzs7YaKkJc/7dFZW19Y3Ngtbxe2d3b19t3TQsHFqBNZFrGLTCsGikhrrJElhKzEIUaiwGQ6vp35zhMbKWN/ROMFOBAMt+1IA5VLXLQ UhmCwYgcHEShXrSdctexVvBr5M/DkpszlqXfcr6MUijVCTUGBt2/cS6mRgSAqFk2KQWkxADGGA7ZxqiNB2sln0CT9JLVDMEzRcKj4T8fdGBpG14yjMJyOge7voTcX/vHZK/ctOJnWSEmoxPURS4eyQFUbmnSDvSYNEME 2OXGouwAARGslBiFxM85KKeR/+4vfLpHFW8b2Kf3terl7NmymwI3bMTpnPLliV3bAaqzPBHtgTe2YvzqPz6rw57z+jK85855D9gfPxDfR9mQI=</latexit><latexit sha1_base64="XgHxdsN3IPqRd0q0+Ppelafv71Q=">AAACBXicbVC7TsNAEDzzDOHlQElzIk KiimyEBGUEDWWQyEOKo2h92YRTzmfrbh0UWan5Clqo6BAt30HBv+CEFJAw1WhmVzs7YaKkJc/7dFZW19Y3Ngtbxe2d3b19t3TQsHFqBNZFrGLTCsGikhrrJElhKzEIUaiwGQ6vp35zhMbKWN/ROMFOBAMt+1IA5VLXLQ UhmCwYgcHEShXrSdctexVvBr5M/DkpszlqXfcr6MUijVCTUGBt2/cS6mRgSAqFk2KQWkxADGGA7ZxqiNB2sln0CT9JLVDMEzRcKj4T8fdGBpG14yjMJyOge7voTcX/vHZK/ctOJnWSEmoxPURS4eyQFUbmnSDvSYNEME 2OXGouwAARGslBiFxM85KKeR/+4vfLpHFW8b2Kf3terl7NmymwI3bMTpnPLliV3bAaqzPBHtgTe2YvzqPz6rw57z+jK85855D9gfPxDfR9mQI=</latexit><latexit sha1_base64="XgHxdsN3IPqRd0q0+Ppelafv71Q=">AAACBXicbVC7TsNAEDzzDOHlQElzIk KiimyEBGUEDWWQyEOKo2h92YRTzmfrbh0UWan5Clqo6BAt30HBv+CEFJAw1WhmVzs7YaKkJc/7dFZW19Y3Ngtbxe2d3b19t3TQsHFqBNZFrGLTCsGikhrrJElhKzEIUaiwGQ6vp35zhMbKWN/ROMFOBAMt+1IA5VLXLQ UhmCwYgcHEShXrSdctexVvBr5M/DkpszlqXfcr6MUijVCTUGBt2/cS6mRgSAqFk2KQWkxADGGA7ZxqiNB2sln0CT9JLVDMEzRcKj4T8fdGBpG14yjMJyOge7voTcX/vHZK/ctOJnWSEmoxPURS4eyQFUbmnSDvSYNEME 2OXGouwAARGslBiFxM85KKeR/+4vfLpHFW8b2Kf3terl7NmymwI3bMTpnPLliV3bAaqzPBHtgTe2YvzqPz6rw57z+jK85855D9gfPxDfR9mQI=</latexit><latexit sha1_base64="XgHxdsN3IPqRd0q0+Ppelafv71Q=">AAACBXicbVC7TsNAEDzzDOHlQElzIk KiimyEBGUEDWWQyEOKo2h92YRTzmfrbh0UWan5Clqo6BAt30HBv+CEFJAw1WhmVzs7YaKkJc/7dFZW19Y3Ngtbxe2d3b19t3TQsHFqBNZFrGLTCsGikhrrJElhKzEIUaiwGQ6vp35zhMbKWN/ROMFOBAMt+1IA5VLXLQ UhmCwYgcHEShXrSdctexVvBr5M/DkpszlqXfcr6MUijVCTUGBt2/cS6mRgSAqFk2KQWkxADGGA7ZxqiNB2sln0CT9JLVDMEzRcKj4T8fdGBpG14yjMJyOge7voTcX/vHZK/ctOJnWSEmoxPURS4eyQFUbmnSDvSYNEME 2OXGouwAARGslBiFxM85KKeR/+4vfLpHFW8b2Kf3terl7NmymwI3bMTpnPLliV3bAaqzPBHtgTe2YvzqPz6rw57z+jK85855D9gfPxDfR9mQI=</latexit>
(a)
(b)
(c)
(d)
(e)
(f)
F˜
<latexit sha1_base64="29eDEdRTea1y30x3PACz Hrt7Ddo=">AAAB+3icbVDLSsNAFJ34rPVVdelmsAiuSiKCLouCuKxgH9KGMpne1qEzSZi5EUrIV7jVlTtx6 8e48F+cxCy09awO59zLPfcEsRQGXffTWVpeWV1br2xUN7e2d3Zre/sdEyWaQ5tHMtK9gBmQIoQ2CpTQizUw FUjoBtOr3O8+gjYiCu9wFoOv2CQUY8EZWul+gEKOIL3OhrW623AL0EXilaROSrSGta/BKOKJghC5ZMb0PTd GP2UaBZeQVQeJgZjxKZtA39KQKTB+WgTO6HFiGEY0Bk2FpIUIvzdSpoyZqcBOKoYPZt7Lxf+8foLjCz8VYZ wghDw/ZB+E4pDhWtgmgI6EBkSWJwcqQsqZZoigBWWcWzGx1VRtH97894ukc9rw3IZ3e1ZvXpbNVMghOSInx CPnpEluSIu0CSeKPJFn8uJkzqvz5rz/jC455c4B+QPn4xu7OJUF</latexit><latexit sha1_base64="29eDEdRTea1y30x3PACz Hrt7Ddo=">AAAB+3icbVDLSsNAFJ34rPVVdelmsAiuSiKCLouCuKxgH9KGMpne1qEzSZi5EUrIV7jVlTtx6 8e48F+cxCy09awO59zLPfcEsRQGXffTWVpeWV1br2xUN7e2d3Zre/sdEyWaQ5tHMtK9gBmQIoQ2CpTQizUw FUjoBtOr3O8+gjYiCu9wFoOv2CQUY8EZWul+gEKOIL3OhrW623AL0EXilaROSrSGta/BKOKJghC5ZMb0PTd GP2UaBZeQVQeJgZjxKZtA39KQKTB+WgTO6HFiGEY0Bk2FpIUIvzdSpoyZqcBOKoYPZt7Lxf+8foLjCz8VYZ wghDw/ZB+E4pDhWtgmgI6EBkSWJwcqQsqZZoigBWWcWzGx1VRtH97894ukc9rw3IZ3e1ZvXpbNVMghOSInx CPnpEluSIu0CSeKPJFn8uJkzqvz5rz/jC455c4B+QPn4xu7OJUF</latexit><latexit sha1_base64="29eDEdRTea1y30x3PACz Hrt7Ddo=">AAAB+3icbVDLSsNAFJ34rPVVdelmsAiuSiKCLouCuKxgH9KGMpne1qEzSZi5EUrIV7jVlTtx6 8e48F+cxCy09awO59zLPfcEsRQGXffTWVpeWV1br2xUN7e2d3Zre/sdEyWaQ5tHMtK9gBmQIoQ2CpTQizUw FUjoBtOr3O8+gjYiCu9wFoOv2CQUY8EZWul+gEKOIL3OhrW623AL0EXilaROSrSGta/BKOKJghC5ZMb0PTd GP2UaBZeQVQeJgZjxKZtA39KQKTB+WgTO6HFiGEY0Bk2FpIUIvzdSpoyZqcBOKoYPZt7Lxf+8foLjCz8VYZ wghDw/ZB+E4pDhWtgmgI6EBkSWJwcqQsqZZoigBWWcWzGx1VRtH97894ukc9rw3IZ3e1ZvXpbNVMghOSInx CPnpEluSIu0CSeKPJFn8uJkzqvz5rz/jC455c4B+QPn4xu7OJUF</latexit><latexit sha1_base64="29eDEdRTea1y30x3PACz Hrt7Ddo=">AAAB+3icbVDLSsNAFJ34rPVVdelmsAiuSiKCLouCuKxgH9KGMpne1qEzSZi5EUrIV7jVlTtx6 8e48F+cxCy09awO59zLPfcEsRQGXffTWVpeWV1br2xUN7e2d3Zre/sdEyWaQ5tHMtK9gBmQIoQ2CpTQizUw FUjoBtOr3O8+gjYiCu9wFoOv2CQUY8EZWul+gEKOIL3OhrW623AL0EXilaROSrSGta/BKOKJghC5ZMb0PTd GP2UaBZeQVQeJgZjxKZtA39KQKTB+WgTO6HFiGEY0Bk2FpIUIvzdSpoyZqcBOKoYPZt7Lxf+8foLjCz8VYZ wghDw/ZB+E4pDhWtgmgI6EBkSWJwcqQsqZZoigBWWcWzGx1VRtH97894ukc9rw3IZ3e1ZvXpbNVMghOSInx CPnpEluSIu0CSeKPJFn8uJkzqvz5rz/jC455c4B+QPn4xu7OJUF</latexit>
F˜
<latexit sha1_base64="29eDEdRTea1y30x3PACzHrt7Ddo=">AAAB+3icbVDLSsNAFJ34rPVVdelmsAiu SiKCLouCuKxgH9KGMpne1qEzSZi5EUrIV7jVlTtx68e48F+cxCy09awO59zLPfcEsRQGXffTWVpeWV1br2xUN7e2d3Zre/sdEyWaQ5tHMtK9gBmQIoQ2CpTQizUwFUjoBtOr3O8+gjYiCu9wFoOv2CQUY8EZWul+gEKOIL 3OhrW623AL0EXilaROSrSGta/BKOKJghC5ZMb0PTdGP2UaBZeQVQeJgZjxKZtA39KQKTB+WgTO6HFiGEY0Bk2FpIUIvzdSpoyZqcBOKoYPZt7Lxf+8foLjCz8VYZwghDw/ZB+E4pDhWtgmgI6EBkSWJwcqQsqZZoigBWWc WzGx1VRtH97894ukc9rw3IZ3e1ZvXpbNVMghOSInxCPnpEluSIu0CSeKPJFn8uJkzqvz5rz/jC455c4B+QPn4xu7OJUF</latexit><latexit sha1_base64="29eDEdRTea1y30x3PACzHrt7Ddo=">AAAB+3icbVDLSsNAFJ34rPVVdelmsAiu SiKCLouCuKxgH9KGMpne1qEzSZi5EUrIV7jVlTtx68e48F+cxCy09awO59zLPfcEsRQGXffTWVpeWV1br2xUN7e2d3Zre/sdEyWaQ5tHMtK9gBmQIoQ2CpTQizUwFUjoBtOr3O8+gjYiCu9wFoOv2CQUY8EZWul+gEKOIL 3OhrW623AL0EXilaROSrSGta/BKOKJghC5ZMb0PTdGP2UaBZeQVQeJgZjxKZtA39KQKTB+WgTO6HFiGEY0Bk2FpIUIvzdSpoyZqcBOKoYPZt7Lxf+8foLjCz8VYZwghDw/ZB+E4pDhWtgmgI6EBkSWJwcqQsqZZoigBWWc WzGx1VRtH97894ukc9rw3IZ3e1ZvXpbNVMghOSInxCPnpEluSIu0CSeKPJFn8uJkzqvz5rz/jC455c4B+QPn4xu7OJUF</latexit><latexit sha1_base64="29eDEdRTea1y30x3PACzHrt7Ddo=">AAAB+3icbVDLSsNAFJ34rPVVdelmsAiu SiKCLouCuKxgH9KGMpne1qEzSZi5EUrIV7jVlTtx68e48F+cxCy09awO59zLPfcEsRQGXffTWVpeWV1br2xUN7e2d3Zre/sdEyWaQ5tHMtK9gBmQIoQ2CpTQizUwFUjoBtOr3O8+gjYiCu9wFoOv2CQUY8EZWul+gEKOIL 3OhrW623AL0EXilaROSrSGta/BKOKJghC5ZMb0PTdGP2UaBZeQVQeJgZjxKZtA39KQKTB+WgTO6HFiGEY0Bk2FpIUIvzdSpoyZqcBOKoYPZt7Lxf+8foLjCz8VYZwghDw/ZB+E4pDhWtgmgI6EBkSWJwcqQsqZZoigBWWc WzGx1VRtH97894ukc9rw3IZ3e1ZvXpbNVMghOSInxCPnpEluSIu0CSeKPJFn8uJkzqvz5rz/jC455c4B+QPn4xu7OJUF</latexit><latexit sha1_base64="29eDEdRTea1y30x3PACzHrt7Ddo=">AAAB+3icbVDLSsNAFJ34rPVVdelmsAiu SiKCLouCuKxgH9KGMpne1qEzSZi5EUrIV7jVlTtx68e48F+cxCy09awO59zLPfcEsRQGXffTWVpeWV1br2xUN7e2d3Zre/sdEyWaQ5tHMtK9gBmQIoQ2CpTQizUwFUjoBtOr3O8+gjYiCu9wFoOv2CQUY8EZWul+gEKOIL 3OhrW623AL0EXilaROSrSGta/BKOKJghC5ZMb0PTdGP2UaBZeQVQeJgZjxKZtA39KQKTB+WgTO6HFiGEY0Bk2FpIUIvzdSpoyZqcBOKoYPZt7Lxf+8foLjCz8VYZwghDw/ZB+E4pDhWtgmgI6EBkSWJwcqQsqZZoigBWWc WzGx1VRtH97894ukc9rw3IZ3e1ZvXpbNVMghOSInxCPnpEluSIu0CSeKPJFn8uJkzqvz5rz/jC455c4B+QPn4xu7OJUF</latexit>
F˜
<latexit sha1_base64="29eDEdRTea1y30x3PACzHrt7Ddo=">AAAB+3icbVDLSsNAFJ34rPVVdelmsAiu SiKCLouCuKxgH9KGMpne1qEzSZi5EUrIV7jVlTtx68e48F+cxCy09awO59zLPfcEsRQGXffTWVpeWV1br2xUN7e2d3Zre/sdEyWaQ5tHMtK9gBmQIoQ2CpTQizUwFUjoBtOr3O8+gjYiCu9wFoOv2CQUY8EZWul+gEKOIL 3OhrW623AL0EXilaROSrSGta/BKOKJghC5ZMb0PTdGP2UaBZeQVQeJgZjxKZtA39KQKTB+WgTO6HFiGEY0Bk2FpIUIvzdSpoyZqcBOKoYPZt7Lxf+8foLjCz8VYZwghDw/ZB+E4pDhWtgmgI6EBkSWJwcqQsqZZoigBWWc WzGx1VRtH97894ukc9rw3IZ3e1ZvXpbNVMghOSInxCPnpEluSIu0CSeKPJFn8uJkzqvz5rz/jC455c4B+QPn4xu7OJUF</latexit><latexit sha1_base64="29eDEdRTea1y30x3PACzHrt7Ddo=">AAAB+3icbVDLSsNAFJ34rPVVdelmsAiu SiKCLouCuKxgH9KGMpne1qEzSZi5EUrIV7jVlTtx68e48F+cxCy09awO59zLPfcEsRQGXffTWVpeWV1br2xUN7e2d3Zre/sdEyWaQ5tHMtK9gBmQIoQ2CpTQizUwFUjoBtOr3O8+gjYiCu9wFoOv2CQUY8EZWul+gEKOIL 3OhrW623AL0EXilaROSrSGta/BKOKJghC5ZMb0PTdGP2UaBZeQVQeJgZjxKZtA39KQKTB+WgTO6HFiGEY0Bk2FpIUIvzdSpoyZqcBOKoYPZt7Lxf+8foLjCz8VYZwghDw/ZB+E4pDhWtgmgI6EBkSWJwcqQsqZZoigBWWc WzGx1VRtH97894ukc9rw3IZ3e1ZvXpbNVMghOSInxCPnpEluSIu0CSeKPJFn8uJkzqvz5rz/jC455c4B+QPn4xu7OJUF</latexit><latexit sha1_base64="29eDEdRTea1y30x3PACzHrt7Ddo=">AAAB+3icbVDLSsNAFJ34rPVVdelmsAiu SiKCLouCuKxgH9KGMpne1qEzSZi5EUrIV7jVlTtx68e48F+cxCy09awO59zLPfcEsRQGXffTWVpeWV1br2xUN7e2d3Zre/sdEyWaQ5tHMtK9gBmQIoQ2CpTQizUwFUjoBtOr3O8+gjYiCu9wFoOv2CQUY8EZWul+gEKOIL 3OhrW623AL0EXilaROSrSGta/BKOKJghC5ZMb0PTdGP2UaBZeQVQeJgZjxKZtA39KQKTB+WgTO6HFiGEY0Bk2FpIUIvzdSpoyZqcBOKoYPZt7Lxf+8foLjCz8VYZwghDw/ZB+E4pDhWtgmgI6EBkSWJwcqQsqZZoigBWWc WzGx1VRtH97894ukc9rw3IZ3e1ZvXpbNVMghOSInxCPnpEluSIu0CSeKPJFn8uJkzqvz5rz/jC455c4B+QPn4xu7OJUF</latexit><latexit sha1_base64="29eDEdRTea1y30x3PACzHrt7Ddo=">AAAB+3icbVDLSsNAFJ34rPVVdelmsAiu SiKCLouCuKxgH9KGMpne1qEzSZi5EUrIV7jVlTtx68e48F+cxCy09awO59zLPfcEsRQGXffTWVpeWV1br2xUN7e2d3Zre/sdEyWaQ5tHMtK9gBmQIoQ2CpTQizUwFUjoBtOr3O8+gjYiCu9wFoOv2CQUY8EZWul+gEKOIL 3OhrW623AL0EXilaROSrSGta/BKOKJghC5ZMb0PTdGP2UaBZeQVQeJgZjxKZtA39KQKTB+WgTO6HFiGEY0Bk2FpIUIvzdSpoyZqcBOKoYPZt7Lxf+8foLjCz8VYZwghDw/ZB+E4pDhWtgmgI6EBkSWJwcqQsqZZoigBWWc WzGx1VRtH97894ukc9rw3IZ3e1ZvXpbNVMghOSInxCPnpEluSIu0CSeKPJFn8uJkzqvz5rz/jC455c4B+QPn4xu7OJUF</latexit>
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Figure 2. Plot of V˜ , F˜ (δ) and F˜ () at zero temperature for a chain with N = 5 elements and εu = 1: γ = 0.8 [(a), (b), (c)]
and γ = 0.3 [(d), (e), (f)]
configurations with phase fraction χ¯ corresponds to the
global minimum for
δ ∈
[
εu χ¯− 1
2N
, εu χ¯+
1
2N
]
. (10)
The fully folded state represents the global minimum
for δ ≤ 12N whereas the fully unfolded configuration
corresponds to the global minimum of the energy for
δ ≥ εu − 12N . We thus obtain the fundamental result
at zero temperature: the unfolding force is constant and
it depends on the relative stiffness of the probe with re-
spect to the macromolecular chain. In particular, if we
increase δ from the fully folded state then the chain starts
to unfolds at the threshold
Fu =
γ
2N
. (11)
On the other hand, if we let the system refold by relaxing
the probe and let δ decreases, the chain start to refold to
go back to the primary folded state at the threshold
Ff = − γ
2N
. (12)
Observe that these values should be considered as in-
cremental force from the transition force of the bistable
spring, here assumed null for simplicity of analytical ex-
pressions.
In figure 2 we represent the important modifications of
the obtained unfolding behavior depending on the rela-
tive stiffness parameter γ.
Non-zero temperature.— In this section we analyze
the fundamental temperature effect on the unfolding
molecular behavior at different values of γ in the frame-
work of equilibrium Statistical Mechanics [20].
Following the suggestion in [23], to get analytical re-
sult, we expand the two energy wells for the potential
energy on the real line, beyond the spinodal point where
they intersect. In figure 1 we have marked these regions
with the dashed branches of the parabola. It is possi-
ble to show (see the Supplementary Information) that
in the typical temperature range of living proteins this
approximation is fully acceptable because the ‘artificial’
configurations with higher potential energy do not mod-
ify significantly the partition function.
Standard calculations (see SI) deliver the canonical
partition function ZN of a chain of N elements and the
measuring apparatus using the approximations of our
model:
ZN = KN (1− γ)1/2
N∑
p=0
(
N
p
)
e−
βkplγN
2 (εu
p
N−δ)2 , (13)
whereKN is a constant, β = 1/kBT , kB is the Boltzmann
5constant, T is the absolute temperature and the binomial
coefficient gives the number of configurations of the chain
with fraction p/N of unfolded domains (χ¯ = p/N).
Observe that the terms in the sum are gaussian func-
tions centered in εu p/N and width proportional to
1/
√
βkplγN . At low temperature (large β) the Gaus-
sian terms are squeezed and contributions to ZN are rel-
evant only for values of δ very close to εu p/N = εu χ¯
with p = 0, . . . , N . As expected this limit reproduce the
behavior described in previous section based on the min-
imization of the total potential energy [see Eq.(8)].
The free energy is defined as
ΦN = − 1
β
lnZN (14)
and the expectation value of the F conjugate to the dis-
placement δ is
〈F 〉 = 1
L
∂
∂δ
ΦN = − 1
βL
1
ZN
∂
∂δ
ZN . (15)
From Eq.(13) we thus find
〈F 〉 = kpγ (δ − εu 〈χ¯ 〉) , (16)
where
〈χ¯ 〉 =
∑N
p=0
(
N
p
)
p
N e
− βkplNγ2 (εu pN−δ)2
∑N
p=0
(
N
p
)
e−
βkplNγ
2 (εu
p
N−δ)2
(17)
Here 〈χ¯ 〉 is the expectation value of the fraction ξ = p/N
of unfolded domains at fixed temperature T and assigned
displacement δ. Similarly (see Supplementary Informa-
tion) we obtain the expectation value of the average
strain in Eq.(3)
〈ε¯ 〉 = δ − 1− γ
kpγ
(
− 1
β
1
LZN
∂
∂δ
ZN
)
= εu 〈χ¯ 〉+ γ (δ − εu 〈χ¯ 〉) . (18)
Finally, from Eq.(16) and (18) we obtain the central re-
sult of the paper giving the force-strain relation at as-
signed temperature and relative stiffness γ
〈F 〉 = kp (〈ε¯ 〉 − εu 〈χ¯ 〉) (19)
as implicit functions of the assigned displacement δ. Re-
markably, we deduce that Eq.(19) represents the exten-
sion of the equilibrium equation Eq.(5) to the case of
non-zero temperature when the force-strain relation is
regulated by the expectation value of the unfolded frac-
tion χ¯. This equation fully characterizes the material
response of the macromolecule for the whole range of
stiffness ratio γ.
In Figure 3 we plot the force-strain curve for fixed value
on N , temperature T , l = L/N and stiffness of an ele-
ment of the chain kp; we consider a set of curves obtained
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Figure 3. Force-strain curves for different values of γ (and
kd). The direction of the arrow denotes decreasing values of
these quantities. We have fixed N = 5, εu = 1, T = 300 K, l =
30 nm and k¯exp = kp/Nl = 4 pN/nm. The curves are ob-
tained for k¯d = kd/(αL) = 20, 10, 5, 1 pN/nm corresponding
to γ ' 0.83, 0.71, 0.56, 0.2, respectively (see the Supplemetary
material). Inset: dependence of 〈ε¯〉 on δ (same values of the
parameters in the larger figure).
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hF i
<latexit sha1_base64="X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXlldWy9sFDe3tnd23dJew8apEVgX sYpNKwSLSmqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXlldWy9sFDe3tnd23dJew8apEVgX sYpNKwSLSmqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXlldWy9sFDe3tnd23dJew8apEVgX sYpNKwSLSmqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXlldWy9sFDe3tnd23dJew8apEVgX sYpNKwSLSmqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit>
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<latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZ t49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9 XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZ t49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9 XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZ t49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9 XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZ t49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9 XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit>
h i
<latexit sha1_base64="X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN3zM8avi5Y2i0GwCnciaBkUxD KC+YDkCHObSVyyt3fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1v zq9WKQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO2CE7Zj4 7Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN3zM8avi5Y2i0GwCnciaBkUxD KC+YDkCHObSVyyt3fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1v zq9WKQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO2CE7Zj4 7Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN3zM8avi5Y2i0GwCnciaBkUxD KC+YDkCHObSVyyt3fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1v zq9WKQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO2CE7Zj4 7Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN3zM8avi5Y2i0GwCnciaBkUxD KC+YDkCHObSVyyt3fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1v zq9WKQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO2CE7Zj4 7Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit>
  (pN)
<latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/ KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/ KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/ KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/ KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit>
h i
<latexit sha1_base64="X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXlldWy9sFDe3tnd23dJew8apEVg XsYpNKwSLSmqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXlldWy9sFDe3tnd23dJew8apEVg XsYpNKwSLSmqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXlldWy9sFDe3tnd23dJew8apEVg XsYpNKwSLSmqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXlldWy9sFDe3tnd23dJew8apEVg XsYpNKwSLSmqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit>
( )
<latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/ KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/ KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/ KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/ KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit>
i
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Figure 4. Top: force-strain curve for N = 5, 20, 100 with
l = 30 nm fixed. Larger values of N correspond to smaller am-
plitude of the oscillations. We have fixed εu = 1, T = 300 K
and k¯p = kp/l = 4 pN/nm, k¯d = kd/(αL) = 20 pN/nm.
Bottom: force-strain curve for N = 5, 20, 100 with total
length L = Nl = 150 nm fixed. Larger values of N cor-
respond to smaller amplitude of the oscillations. We have
fixed εu = 1, T = 300 K, k¯d = kd/(αL) = 20 pN/nm and
k¯exp = kp/Nl = 4 pN/nm with l = 30 nm (N = 5), l = 7.5 nm
(N = 20), l = 1.5 nm (N = 100).
for different values of γ corresponding to different stiff-
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h"¯i
<latexit sha1_base64="EIH0eS3kMr+L6XHRv78D nYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCoIhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BC xUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+uFjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZs EMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUmY z1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DIJ sMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0gaZ xXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latexi t><latexit sha1_base64="EIH0eS3kMr+L6XHRv78D nYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCoIhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BC xUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+uFjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZs EMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUmY z1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DIJ sMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0gaZ xXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latexi t><latexit sha1_base64="EIH0eS3kMr+L6XHRv78D nYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCoIhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BC xUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+uFjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZs EMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUmY z1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DIJ sMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0gaZ xXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latexi t><latexit sha1_base64="EIH0eS3kMr+L6XHRv78D nYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCoIhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BC xUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+uFjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZs EMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUmY z1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DIJ sMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0gaZ xXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latexi t>
  (pN)
<latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVB NS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWI ENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZO CISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQ kq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVB NS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWI ENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZO CISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQ kq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVB NS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWI ENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZO CISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQ kq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVB NS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWI ENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZO CISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQ kq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit>
hF i
<latexit sha1_base64="X0FhWJFl5TpWiYS81OVE1nmi2 bQ=">AAACBXicbVA9SwNBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikhpPZX2GplJ7b+Dgv/i3cxhSa +6vHeDPPmhYmSljzv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQgRKHCZji8zP3mPRorY31LowSD CAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoi tMF4Gn3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkA A0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOdffYHz sc3Yc+YBA==</latexit><latexit sha1_base64="X0FhWJFl5TpWiYS81OVE1nmi2 bQ=">AAACBXicbVA9SwNBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikhpPZX2GplJ7b+Dgv/i3cxhSa +6vHeDPPmhYmSljzv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQgRKHCZji8zP3mPRorY31LowSD CAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoi tMF4Gn3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkA A0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOdffYHz sc3Yc+YBA==</latexit><latexit sha1_base64="X0FhWJFl5TpWiYS81OVE1nmi2 bQ=">AAACBXicbVA9SwNBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikhpPZX2GplJ7b+Dgv/i3cxhSa +6vHeDPPmhYmSljzv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQgRKHCZji8zP3mPRorY31LowSD CAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoi tMF4Gn3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkA A0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOdffYHz sc3Yc+YBA==</latexit><latexit sha1_base64="X0FhWJFl5TpWiYS81OVE1nmi2 bQ=">AAACBXicbVA9SwNBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikhpPZX2GplJ7b+Dgv/i3cxhSa +6vHeDPPmhYmSljzv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQgRKHCZji8zP3mPRorY31LowSD CAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoi tMF4Gn3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkA A0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOdffYHz sc3Yc+YBA==</latexit>
  (pN)
<latexit sha1_base64="XNhX/qaMvp +gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0 +iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTk uh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMD zL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv 8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY7 6TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5Z YWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMw tsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs= </latexit><latexit sha1_base64="XNhX/qaMvp +gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0 +iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTk uh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMD zL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv 8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY7 6TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5Z YWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMw tsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs= </latexit><latexit sha1_base64="XNhX/qaMvp +gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0 +iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTk uh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMD zL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv 8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY7 6TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5Z YWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMw tsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs= </latexit><latexit sha1_base64="XNhX/qaMvp +gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0 +iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTk uh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMD zL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv 8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY7 6TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5Z YWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMw tsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs= </latexit>
hF i
<latexit sha1_base64="X0 FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN 3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikh pPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXl ldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQg RKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip 3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBG AxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X 8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5 oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+ SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb 04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0 FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN 3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikh pPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXl ldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQg RKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip 3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBG AxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X 8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5 oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+ SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb 04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0 FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN 3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikh pPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXl ldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQg RKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip 3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBG AxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X 8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5 oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+ SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb 04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0 FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN 3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikh pPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXl ldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQg RKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip 3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBG AxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X 8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5 oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+ SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb 04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit>
  (pN)
<latexit sha1_base64="XNhX/qaMvp +gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0 +iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTk uh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMD zL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv 8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY7 6TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5Z YWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMw tsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs= </latexit><latexit sha1_base64="XNhX/qaMvp +gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0 +iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTk uh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMD zL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv 8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY7 6TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5Z YWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMw tsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs= </latexit><latexit sha1_base64="XNhX/qaMvp +gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0 +iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTk uh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMD zL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv 8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY7 6TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5Z YWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMw tsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs= </latexit><latexit sha1_base64="XNhX/qaMvp +gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0 +iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTk uh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMD zL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv 8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY7 6TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5Z YWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMw tsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs= </latexit>
hF i
<latexit sha1_base64="X0 FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN 3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikh pPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXl ldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQg RKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip 3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBG AxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X 8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5 oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+ SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb 04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0 FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN 3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikh pPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXl ldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQg RKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip 3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBG AxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X 8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5 oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+ SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb 04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0 FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN 3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikh pPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXl ldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQg RKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip 3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBG AxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X 8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5 oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+ SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb 04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0 FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN 3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikh pPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXl ldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQg RKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip 3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBG AxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X 8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5 oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+ SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb 04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit>
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<latexit sha1_base64="EIH0eS3kMr+L6XHRv78D nYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCoIhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BC xUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+uFjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZ sEMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUm Yz1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DI JsMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0ga ZxXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latex it><latexit sha1_base64="EIH0eS3kMr+L6XHRv78D nYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCoIhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BC xUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+uFjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZ sEMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUm Yz1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DI JsMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0ga ZxXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latex it><latexit sha1_base64="EIH0eS3kMr+L6XHRv78D nYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCoIhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BC xUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+uFjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZ sEMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUm Yz1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DI JsMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0ga ZxXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latex it><latexit sha1_base64="EIH0eS3kMr+L6XHRv78D nYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCoIhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BC xUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+uFjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZ sEMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUm Yz1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DI JsMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0ga ZxXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latex it>
<latexit sha1_base64="XNhX/qaMv p+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF 0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbT kuh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWM DzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvw v8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY 76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA 5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dl Mwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQ s=</latexit><latexit sha1_base64="XNhX/qaMv p+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF 0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbT kuh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWM DzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvw v8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY 76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA 5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dl Mwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQ s=</latexit><latexit sha1_base64="XNhX/qaMv p+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF 0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbT kuh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWM DzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvw v8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY 76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA 5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dl Mwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQ s=</latexit><latexit sha1_base64="XNhX/qaMv p+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF 0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbT kuh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWM DzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvw v8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY 76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA 5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dl Mwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQ s=</latexit>
<latexit sha1_base64="X0 FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN 3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikh pPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXl ldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQg RKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/I p3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLB GAxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0 X8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv 5oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y +SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/s mb04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0 FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN 3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikh pPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXl ldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQg RKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/I p3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLB GAxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0 X8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv 5oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y +SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/s mb04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0 FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN 3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikh pPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXl ldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQg RKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/I p3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLB GAxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0 X8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv 5oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y +SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/s mb04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0 FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN 3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikh pPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXl ldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQg RKHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/I p3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLB GAxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0 X8vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv 5oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y +SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/s mb04j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit>
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Figure 5. Force-strain curve showing the hardening effect of
local maxima of F increasing with 〈ε¯〉. We have fixed N = 10,
εu = 1, T = 300K (top), T = 600K (bottom), l = 30nm
and k¯exp = kp/Nl = 0.4pN/nm, k¯d = kd/(αL) = 0.1pN/nm
(corresponding to γ = 0.2).
ness of the probe kd (see the caption for details). It is
important to observe the different shapes of the response
curves determined depending from the parameter γ and
in particular that the unfolding threshold Fu, as in the
zero temperature case (11), is a decreasing function of γ.
In Figure 3 we represent the evolution of the pro-
tein average strain 〈ε¯ 〉 as the applied displacement is
increased. Observe that for decreasing values of γ (i.e.
softer devices) each unfolding transition corresponds to
growing strain discontinuities so that the strains grows
with localized strain discontinuities. In the opposite case
of hard devices the strain evolution is continuous.
In Figure 4 we study the interesting effect of increas-
ing N . As expected, the amplitude of the oscillations
decreases with N . We notice that in one case (top fig-
ure) we have increased N keeping l fixed. On the other
hand, in Figure 4 (bottom) we have increased N keeping
L = Nl fixed. According with this observation we de-
duce that the effect of stiffness variation is particularly
important for small systems whereas it disappears in the
thermodynamical system analyzed in the following sec-
tion.
Finally, observe that according with the AFM unfold-
ing experiments on bimolecular molecules such as titin
[18], the values of the local maxima of F are not constant,
but increase with 〈ε¯〉 (hardening, see Figure 5). This ef-
fect can be interpreted observing that as 〈ε¯〉 grows the
number p of unfolded domains is increased. Correspond-
ingly the number of available configurations with p + 1
unfolded domains decreases. Interestingly, our tests show
that the hardening effect is more evident for higher tem-
peratures (see Figure 5) and larger number N of domains
(see Figure 4 bottom). This effect is important because
in the case of assigned force corresponds to a transition
from a cooperative to a non cooperative unfolding behav-
ior. In [26] this effect has been addressed to a possible
inhomogeneity of the unfolding domain. It is important
to remark that according with our results we can inter-
pret it as a temperature effects.
Thermodynamical limit.— Many protein materials
are constituted by macromolecules with a large number
of β-sheets folded domains undergoing conformational
transformation under increasing end-to-end distance. It
is interesting then to consider the limit N → +∞.
We begin by searching the asymptotic expression of the
function 〈χ¯〉 in Eq. (17). Using the saddle point method
(see SI for details) we find the expectation value of the
unfolded fraction
〈χ¯ 〉 ∼ χc(δ). (20)
where χc ∈ (0, 1) is the minimum of the function
f(x) = S(x) + β˜(εux− δ)2 (21)
with
S(x) = x lnx+ (1− x) ln(1− x), (22)
and β˜ = βlkpγ/2. Finally, we have
〈F 〉 ∼ kpγ (δ − εuχc) (23)
and
〈ε¯〉 ∼ εuχc + γ(δ − εuχc). (24)
0 0.2 0.4 0.6 0.8 1
-0.5
0
0.5
1
1.5
0 0.2 0.4 0.6 0.8 1
-10-5
5
10
15
20
0 0.2 0.4 0.6 0.8 1
-40-20
20
40
60
80
0 0.2 0.4 0.6 0.8 1
-1-0.5
0
0.5
1
1.5
  (pN)
<latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVB NS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWI ENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOC ISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQk q6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVB NS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWI ENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOC ISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQk q6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVB NS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWI ENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOC ISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQk q6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVB NS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWI ENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOC ISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQk q6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit>
hF i
<latexit sha1_base64="X0 FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN 3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikh pPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXll dWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQgR KHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip 3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGA xJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X8 vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oe sMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+Sx knF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb0 4j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0 FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN 3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikh pPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXll dWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQgR KHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip 3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGA xJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X8 vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oe sMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+Sx knF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb0 4j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0 FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN 3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikh pPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXll dWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQgR KHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip 3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGA xJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X8 vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oe sMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+Sx knF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb0 4j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0 FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN 3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikh pPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXll dWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQgR KHCZji8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip 3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGA xJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X8 vTGGyNpRFGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oe sMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+Sx knF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb0 4j86r8+a8/4wuObOdffYHzsc3Yc+YBA==</latexit>
h"¯i
<latexit sha1_base64="EIH0eS3kMr+L6XHRv78DnYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCoIhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BCxUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+u FjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZsEMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUmYz1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DIJsMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0gaZxXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn 9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latexit><latexit sha1_base64="EIH0eS3kMr+L6XHRv78DnYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCoIhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BCxUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+u FjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZsEMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUmYz1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DIJsMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0gaZxXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn 9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latexit><latexit sha1_base64="EIH0eS3kMr+L6XHRv78DnYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCoIhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BCxUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+u FjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZsEMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUmYz1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DIJsMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0gaZxXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn 9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latexit><latexit sha1_base64="EIH0eS3kMr+L6XHRv78DnYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCoIhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BCxUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+u FjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZsEMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUmYz1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DIJsMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0gaZxXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn 9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latexit>
h"¯i
<latexit sha1_base64="EIH0eS3kMr+L6XHRv78DnYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCo IhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BCxUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+uFjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZsEMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9 ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUmYz1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DIJsMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5 D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0gaZxXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latexit><latexit sha1_base64="EIH0eS3kMr+L6XHRv78DnYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCo IhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BCxUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+uFjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZsEMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9 ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUmYz1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DIJsMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5 D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0gaZxXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latexit><latexit sha1_base64="EIH0eS3kMr+L6XHRv78DnYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCo IhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BCxUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+uFjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZsEMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9 ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUmYz1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DIJsMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5 D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0gaZxXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latexit><latexit sha1_base64="EIH0eS3kMr+L6XHRv78DnYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCo IhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BCxUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+uFjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZsEMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9 ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUmYz1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DIJsMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5 D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0gaZxXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latexit>
h"¯i
<latexit sha1_base64="EIH0eS3kMr+L6XHRv78DnYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCo IhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BCxUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+uFjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZsEMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9 ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUmYz1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DIJsMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5 D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0gaZxXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latexit><latexit sha1_base64="EIH0eS3kMr+L6XHRv78DnYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCo IhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BCxUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+uFjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZsEMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9 ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUmYz1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DIJsMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5 D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0gaZxXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latexit><latexit sha1_base64="EIH0eS3kMr+L6XHRv78DnYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCo IhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BCxUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+uFjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZsEMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9 ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUmYz1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DIJsMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5 D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0gaZxXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latexit><latexit sha1_base64="EIH0eS3kMr+L6XHRv78DnYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCo IhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BCxUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+uFjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZsEMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9 ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUmYz1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DIJsMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5 D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0gaZxXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latexit>
h"¯i
<latexit sha1_base64="EIH0eS3kMr+L6XHRv78DnYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCoIhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BCxUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+u FjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZsEMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUmYz1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DIJsMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0gaZxXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn 9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latexit><latexit sha1_base64="EIH0eS3kMr+L6XHRv78DnYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCoIhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BCxUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+u FjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZsEMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUmYz1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DIJsMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0gaZxXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn 9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latexit><latexit sha1_base64="EIH0eS3kMr+L6XHRv78DnYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCoIhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BCxUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+u FjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZsEMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUmYz1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DIJsMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0gaZxXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn 9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latexit><latexit sha1_base64="EIH0eS3kMr+L6XHRv78DnYdDX6I=">AAACFXicbVC7TsNAEDzzDOEVoKQ5iJCoIhshQRlBQxkk8pDiKFpfNuGU89m6W0eKrNR8Al9BCxUdoqWm4F+wQwpImGo0s6vdmSBW0pLrfjpLyyura+u FjeLm1vbObmlvv2GjxAisi0hFphWARSU11kmSwlZsEMJAYTMYXud+c4TGykjf0TjGTggDLftSAGVSt3TkK9ADhdwPwKT+CAzGVqpIT7hvpk63VHYr7hR8kXgzUmYz1LqlL78XiSRETUKBtW3PjamTgiEpFE6KfmIxBjGEAbYzqiFE20mnUSb8JLFAEY/RcKn4VMTfGymE1o7DIJsMge7tvJeL/3nthPqXnVTqOCHUIj9EMoudH7LCyKwj5D1pkAjyz5FLzQUYIEIjOQiRiUlWWjHrw5tPv0gaZxXPrXi35+Xq1ayZAjtkx+yUeeyCVdkNq7E6E+yBPbFn 9uI8Oq/Om/P+M7rkzHYO2B84H98OaJ+G</latexit>
  (pN)
<latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVB NS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWI ENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOC ISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQk q6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVB NS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWI ENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOC ISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQk q6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVB NS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWI ENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOC ISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQk q6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVB NS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWI ENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOC ISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQk q6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit>
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Figure 6. Comparison of the force-strain curves obtained in
the thermodynamical limit (monotonic curve) and for N =
100 (chainsaw curve). We have fixed εu = 1, T = 300 K, l =
30 nm, k¯p = kp/l = 4 pN/nm, γ = 0.7.
In Figure 6 we show the excellent agreement of the
force-strain curves obtained for N = 100 and the ther-
modynamical limit case Eq.(23)-(24).
7nate, and kBT is thermal energy at room temperature. AMonte
Carlo approach was used to simulate AFM unfolding experi-
ments over hundreds of (!xu, !0) pairs. Comparing the exper-
imental unfolding force distribution with the simulated force
distribution allows estimation of !0 and !xu for WT and T16I
Ig10. Because unfolding force is peak-dependent, the cdfs of
unfolding forces are also peak-dependent, but this peak
dependence was removed according to order statistics theory
(see “Experimental Procedures”). As a result, the cdf describing
the first unfolding event in a collection of force-extension
curves now overlaps with the cdf describing the last unfolding
event (which, by definition, is the parent cdf; Fig. 3). The trans-
formed cdfs (one for each peak) were then averaged to generate
a master parent cdf for eitherWT or T16I Ig10. This method is
preferred because data from all unfolding force peaks are ana-
lyzed simultaneously, increasing robustness of fits. Also, it is
incorrect to pool unfolding forces from different unfolding
force peaks because each peak unfolding force distribution
describes a different process (e.g. the force needed to unfold one
domain when five folded domains are connected in series is
different, on average, from the force needed to unfold one
domain when 10 folded domains are connected in series). The
same transformations were used on Monte Carlo simulations
to generate a master parent cdf for each (!xu, !0) pair. The
theoretical and experimental cdfs were compared empirically
using the Kolmogorov-Smirnov test (35) to find the (!xu, !0)
pair used in the Monte Carlo simulations that generated the
master parent cdfmost consistentwith the experimental cdf for
the WT and T16I Ig10 5-mer simulations. WT Ig10 was best
described by!xu" 0.300# 0.025 nm and !0" 0.004# 0.0005
s$1, and T16I Ig10 was best described by !xu" 0.300# 0.025
nm and !0" 0.018# 0.0029 s$1 (#bootstrap S.D.). This anal-
ysis shows that the distance to the transition barrier along the
molecular end-to-end length reaction coordinate is unchanged
by the AC-linked mutation, whereas the unfolding rate at zero
force is increased%4-fold.
The previous method gives the unfolding rate at zero force,
but we were also interested in force-dependent unfolding rates.
Therefore, we probed the effect of the disease-linked mutation
on the ability of Ig10 to resist unfolding at different external
force levels. UsingAFM feedback, wewere able to hold tethered
proteins at constant force to directly determine force-depen-
dent unfolding rates. For this protocol, we stretched a tethered
protein until a set force level developed and then held the pro-
tein at that force. This force is held until an Ig domain unfolds,
an event that immediately increases the contour length of the
molecule and removes the tension from the system. After the Ig
rupture, however, the cantilever tip quicklymoves further away
from the surface until the set force level is reestablished. The
molecule is then held at that force until another Ig domain
unfolds and the process continues. This method complements
standard AFM data by producing information in the time
domain (e.g. hold times prior to Ig unfolding) instead of the
force domain. Sample force clamp data forWT Ig10 are shown
in Fig. 4A. Plotting extension versus time results in a step pat-
tern that has constant extension increases (!Ext) following Ig
unfolding; this pattern also acts as the molecular fingerprint of
the Ig10 5-mer. Clamp forces were between 50 and 80 pN, and
molecular hold time was 5 s. Force clamp and hold time values
were chosen to minimize drift effects and increase the chances
of seeing unfolding events prior to themolecule detaching from
the cantilever tip. Fig. 4B shows the !Ext histograms for WT
and T16I Ig10 for all force clamp experiments. Each histogram
clearly shows a well defined peak distribution in the addition to
a small collection of low !Ext data points. The Gaussian fit to
the main peak is centered at 23.8 nm for the WT distribution
and 23.0 for T16I. Although the contour length of the polypep-
tide increases by %28 nm following domain unfolding, the
extension increase is less because of polymer coiling. From the
wormlike chain equation,
F "
kBT
Lp
! 14&1 # z/LC'2 $ zLC # 14" (Eq. 3)
a contour length gain of 28nmwould only result in an extension
increase of%22nmat a hold force of 60 pN (average clamp, 62.1
FIGURE 2. A, simplified AFM schematic. B, representative force-extension
traces of WT and T16I Ig10 5-mer stretched at 1000 nm/s. The red trace indi-
cates the cantilever tip approaching the protein-coated slide surface, and the
blue trace indicates the tip moving away from the surface with a tethered
protein. The first five low force peaks are due to Ig domain unfolding, with an
increase in contour length and subsequent decrease in force immediately
following each unfolding event. The last force peak is due to the fully
unfolded 5-mer being displaced from the cantilever tip.
TABLE 1
Average unfolding force ! S.E. of each peak for 1000 nm/s pulling
velocity
Unfolding force is peak-dependent, and T16I results in a lower unfolding force for
all peaks. These numbers were generated from64WT force-extension traces and 51
T16I traces.
Average unfolding force
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
pN
WT 120# 2 124# 2 128# 2 134# 2 143# 4
T16I 92# 2a 97# 3a 106# 2a 117# 2a 126# 4b
a p( 0.001.
b p( 0.01.
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them Ig4 and Ig8, respectively (11). Cova-
lent binding of the fragments to the gold
surface was achieved by two cysteines at the
COOH-terminal end. The extension exper-
iment is depicted schematically in Fig. 2F.
Several representative extension curves are
shown in Fig. 2. All traces exhibit the saw-
tooth pattern, with a strict 25-nm periodic-
ity measured at 100 pN (12). Because the
tip could pick up any domain in the chain,
the number of peaks within each force
curve was randomly distributed. However,
we never saw more than four equally spaced
peaks in the case of Ig4 or more than eight
peaks in the case of Ig8. The superposition
of the traces reveals that this pattern was
very persistent from experiment to experi-
ment (Fig. 2, B and D) and also within the
different constructs (Fig. 2E). The distance
between the peaks is the same as that mea-
sured on native titin and agrees very well
with the length difference between the
folded and unfolded Ig domains. From this
finding we conclude that this pattern re-
flects the forced unfolding of the Ig domains
(13).
The superpositions also reveal that the
left-hand slope of the peaks, which reflects
the stiffness of the protein, decreases from
peak to peak. This means that the stiffness
of the stretched protein, which may be de-
rived from the slope, is dominated by a
spring that becomes softer (that is, longer)
with the unfolding of each Ig domain. The
results of a quantitative analysis applying a
wormlike chain model to an extension
curve of Ig8 are shown (Fig. 3). The exper-
iment can be modeled by assuming a per-
sistence length of 0.4 nm for the unraveled
polypeptide and an increase in contour
length of 28 to 29 nm per domain. This
supports our picture of the stretching pro-
cess (Fig. 2F). The analysis also shows that
the measured increase in length of 25 nm
per unfolded domain is shorter than the
actual gain in contour length. This is due to
the fact that the chain is not fully extended
at this force.
A more subtle but persistent feature of
the extension traces is that the peak maxi-
mum increases with increasing extension
(14). Because every downstroke (peak to
trough) reflects the unfolding of a domain
and because the domains are different, this
finding means that the weakest domains
unfold first and the strongest last (15).
Thus, the domains are sorted in the exten-
sion curves according to their unfolding
force and not to their position in the chain.
This rules out the idea that desorption of
the domains from the gold surface makes a
significant contribution to the measured
unfolding force (16).
Titin Ig domains are believed to fold
Fig. 2. Stretching well-defined recombinant titin
segments produces force extension curves that
are consistent with the unfolding of individual Ig
domains. We constructed two recombinant titin
fragments spanning either eight Ig domains (Ig8,
spanning I27–I34; see inset in Fig. 1) or four Ig
domains (Ig4, spanning I27–I30). The recombi-
nant titin fragments were constructed with two
additional cysteine amino acids added to the
COOH-terminal end, providing a covalent anchor
to the gold surface. The AFM tip picked up the
other end by adsorption. (A) Stretching Ig8 do-
mains produced force extension curves that con-
tained up to eight equally spaced peaks of as-
cending force ranging from 150 pN to a maximum
of 300 pN. Only curves showing amaximum num-
ber of peaks are presented here. (B) Force exten-
sion curves obtained from Ig8 proteins were su-
perimposable and revealed a spacing between force peaks of 25 nm
measured at 100 pN. The last peak in each recording is usually much
higher than the preceding peaks of the sequence and does not reflect the
unraveling of an Ig domain but is due to the detachment of the adsorbed
construct from the tip. (C) Stretching of the shorter titin segment Ig4
produced force extension curves with a sawtooth pattern of up to four
force peaks. (D) The force extension curves obtained with Ig4 were super-
imposable and revealed force peaks that were similar to those obtained
with Ig8 and were also spaced by 25 nm. (E) Force extension curves
obtained from all three titin forms (from top to bottom: Ig4, Ig8, and native).
(F) We interpret our observations as evidence for sequential unfolding of
individual titin Ig domains. This figure shows a possible sequence of
events. (1) An Ig4, covalently attached to the gold surface, is picked up by
adsorption by an AFM tip. As the AFM tip is retracted, the domains unfold. The
sawtooth pattern results from the sequential unfolding of Ig domains, which are
mechanically in series. Before a domain unfolds, the extended polypeptide will
be stretched until a holding force of 150 to 300 pN is reached and unfolding
becomes highly probable. (2) Unfolding of an Ig domain abruptly reduces the
holding force because of an increase in the length of the extended polypeptide
by 25 nm. (3) Continued retraction of the AFM tip again stretches the extend-
ed polypeptide until a force is reached where the next Ig domain unfolds.
When a domain unfolds, the AFM tip snaps back 2 to 4 nm into its resting
position. This leaves a blind window in the force curve within which no
structure of the unfolding process can be observed.
Fig. 3. The characteristic sawtooth pattern of un-
folding can be explained as stepwise increases in
the contour length of a polymer whose elastic
properties are described by the wormlike chain
model (WLC) (27, 28). The figure shows a force
extension curve obtained by stretching of a single
Ig8 titin fragment. The force extension curve
shows a characteristic sawtooth pattern with sev-
en peaks. The force extension curve [F(x) versus x]
leading up to each peak is well described by the
WLC equation F(x)5 (kT/b) [0.25(12 x/L)222 0.251 x/L] with a persistence length b5 0.4 nm and a
contour length L that began at 58 nm for the first peak and then increased by 28 to 29 nm to fit
consecutive peaks, reaching a maximum of 227 nm for the last peak. k is Boltzmann’s constant and T
is temperature. Thus, theWLCmodel predicts that the contour length of the polypeptide chain increases
by 28 to 29 nm each time an Ig domain unfolds. This value is close to the 30 nm predicted by fully
extending a polypeptide chain comprising 89 amino acids (minus a folded length of 4 nm). At a force of
150 to 300 pN, the polypeptide chain is not fully extended, hence the peaks are spaced by only;25 nm.
Unfolding of the first domain reduces the force to zero, whereas unfolding of consecutive domains
reduces the force to a lesser extent. This effect is also well explained by this simple model: Upon
reaching a certain force (peaks), the abrupt unfolding of a domain lengthens the polypeptide by 28 to 29
nm and reduces the force (troughs) to that of the value predicted by the force extension curve of the
enlarged polypeptide.
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nate, and kBT is ther al energy at room temperature. AMonte
Carlo approach was used to simulate AFM unfolding experi-
ments over hundreds of (!xu, !0) pairs. Comparing the exper-
imental unfolding force distribution with the simulated force
distribution allows estimation of !0 and !xu for WT and T16I
Ig10. Because unfolding force is peak-dependent, the cdfs of
unfolding forces are also peak-dependent, but this peak
dependence was removed according to order statistics theory
(see “Experimental Procedures”). As a result, the cdf describing
the first unfolding event in a collection of force-extension
curves now overlaps with the cdf describing the last unfolding
event (which, by definition, is the parent cdf; Fig. 3). The trans-
formed cdfs (one for each peak) were then averaged to generate
a master parent cdf for eitherWT or T16I Ig10. This method is
preferred because data from all unfolding force peaks are ana-
lyzed simultaneously, increasing robustness of fits. Also, it is
incorrect to pool unfolding forces from different unfolding
force peaks because each peak unfolding force distribution
describes a different process (e.g. the force needed to unfold one
domain when five folded domains are connected in series is
different, on average, from the force needed to unfold one
domain when 10 folded domains are connected in series). The
same transformations were used on Monte Carlo simulations
to generate a master parent cdf for each (!xu, !0) pair. The
theoretical and experimental cdfs were compared empirically
using the Kolmogorov-Smirnov test (35) to find the (!xu, !0)
pair used in the Monte Carlo simulations that generated the
master parent cdfmost consistentwith the experimental cdf for
the WT and T16I Ig10 5-mer simulations. WT Ig10 was best
described by!xu" 0.300# 0.025 nm and !0" 0.004# 0.0005
s$1, and T16I Ig10 was best described by !xu" 0.300# 0.025
nm and !0" 0.018# 0.0029 s$1 (#bootstrap S.D.). This anal-
ysis shows that the distance to the transition barrier along the
molecular end-to-end length reaction coordinate is unchanged
by the AC-linked mutation, whereas the unfolding rate at zero
force is increased%4-fold.
The previous method gives the unfolding rate at zero force,
but we were also interested in force-dependent unfolding rates.
Therefore, we probed the effect of the disease-linked mutation
on the ability of Ig10 to resist unfolding at different external
force levels. UsingAFM feedback, wewere able to hold tethered
proteins at constant force to directly determine force-depen-
dent unfolding rates. For this protocol, we stretched a tethered
protein until a set force level developed and then held the pro-
tein at that force. This force is held until an Ig domain unfolds,
an event that immediately increases the contour length of the
molecule and removes the tension from the system. After the Ig
rupture, however, the cantilever tip quicklymoves further away
from the surface until the set force level is reestablished. The
molecule is then held at that force until another Ig domain
unfolds and the process continues. This method complements
standard AFM data by producing information in the time
domain (e.g. hold times prior to Ig unfolding) instead of the
force domain. Sample force clamp data forWT Ig10 are shown
in Fig. 4A. Plotting extension versus time results in a step pat-
tern that has constant extension increases (!Ext) following Ig
unfolding; this pattern also acts as the molecular fingerprint of
the Ig10 5-mer. Clamp forces were between 50 and 80 pN, and
molecular hold time was 5 s. Force clamp and hold time values
were chosen to minimize drift effects and increase the chances
of seeing unfolding events prior to themolecule detaching from
the cantilever tip. Fig. 4B shows the !Ext histograms for WT
and T16I Ig10 for all force clamp experiments. Each histogram
clearly shows a well defined peak distribution in the addition to
a small collection of low !Ext data points. The Gaussian fit to
the main peak is centered at 23.8 nm for the WT distribution
and 23.0 for T16I. Although the contour length of the polypep-
tide increases by %28 nm following domain unfolding, the
extension increase is less because of polymer coiling. From the
wormlike chain equation,
F "
kBT
Lp
! 14&1 # z/LC'2 $ zLC # 14" (Eq. 3)
a contour length gain of 28nmwould only result in an extension
increase of%22nmat a hold force of 60 pN (average clamp, 62.1
FIGURE 2. A, simplified AFM schematic. B, representative force-extension
traces of WT and T16I Ig10 5-mer stretched at 1000 nm/s. The red trace indi-
cates the cantilever tip approaching the protein-coated slide surface, and the
blue trace indicates the tip moving away from the surface with a tethered
protein. The first five low force peaks are due to Ig domain unfolding, with an
increase in contour length and subsequent decrease in force immediately
following each unfolding event. The last force peak is due to the fully
unfolded 5-mer being displaced from the cantilever tip.
TABLE 1
Average unfolding force ! S.E. of each peak for 1000 nm/s pulling
velocity
Unfolding force is peak-dependent, and T16I results in a lower unfolding force for
all peaks. These numbers were generated from64WT force-extension traces and 51
T16I traces.
Average unfolding force
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
pN
WT 120# 2 124# 2 128# 2 134# 2 143# 4
T16I 92# 2a 97# 3a 106# 2a 117# 2a 126# 4b
a p( 0.001.
b p( 0.01.
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nate, and kBT is thermal energy at room temperature. AMonte
Carlo approach was used to simulate AFM unfolding experi-
ments over hundreds of (!xu, !0) pairs. Comparing the exper-
imental unfolding force distribution with the simulated force
distribution allows estimation of !0 and !xu for WT and T16I
Ig10. Because unfolding force is peak-dependent, the cdfs of
unfolding forces are also peak-dependent, but this peak
dependence was removed according to order statistics theory
(see “Experimental Procedures”). As a result, the cdf describing
the first unfolding event in a collection of force-extension
curves now overlaps with the cdf describing the last unfolding
event (which, by definition, is the parent cdf; Fig. 3). The trans-
formed cdfs (one for each peak) were then averaged to generate
a master parent cdf for eitherWT or T16I Ig10. This method is
preferred because data from all unfolding force peaks are ana-
lyzed simultaneously, increasing robustness of fits. Also, it is
incorrect to pool unfolding forces from different unfolding
force peaks because each peak unfolding force distribution
describes a different process (e.g. the force needed to unfold one
domain when five folded domains are connected in series is
different, on average, from the force needed to unfold one
domain when 10 folded domains are connected i series). The
same transformations were used on Monte Carlo simulations
to generate a master parent cdf for each (!xu, !0) pair. The
theoretical and experim ntal cdfs were compared empirically
us ng the Kolmogorov-Smirnov test (35) to find he (!xu, !0)
pair used in the M nte Carlo simulati s that ge erat d the
m st r p rent cdfm st consistentwith the experimental cdf f r
the WT and T16I Ig10 5-mer simulations. WT Ig10 w s best
described by!xu" 0.300# 0.025 nm and !0" 0.004# 0.0005
s$1, and T16I Ig10 was best described by !xu" 0.300# 0.025
nm and !0" 0.018# 0.0029 s$1 (#bootstrap S.D.). This anal-
ysis shows that the distance to the transition barrier along the
molecular end-to-end length reaction coordinate is unchanged
by the AC-linked mutation, whereas the unfolding rate at zero
force is increased%4-fold.
The previous method gives the unfolding rate at zero force,
but we were also interested in force-dependent unfolding rates.
Therefore, we probed the effect of the disease-linked mutation
on the ability of Ig10 to resist unfolding at different external
force levels. UsingAFM feedback, wewere able to hold tethered
proteins at constant force to directly determine force-depen-
dent unfolding rates. For this protocol, we stretched a tethered
protein until a set force level developed and then held the pro-
tein at that force. This force is held until an Ig domain unfolds,
an event that immediately increases the contour length of the
molecule and removes the tension from the system. After the Ig
rupture, however, the cantilever tip quicklymoves further away
from the surface until the set force level is reestablished. The
molecule is then held at that force until another Ig domain
unfolds and the process continues. This method complements
standard AFM data by producing information in the time
domain (e.g. hold times prior to Ig unfolding) instead of the
force domain. Sample force clamp data forWT Ig10 are shown
in Fig. 4A. Plotting extension versus time results in a step pat-
tern that has constant extension increases (!Ext) following Ig
unfolding; this pattern also acts as the molecular fingerprint of
the Ig10 5-mer. Clamp forces were between 50 and 80 pN, and
molecular hold time was 5 s. Force clamp and hold time values
were chosen to minimize drift effects and increase the chances
of seeing unfolding events prior to themolecule detaching from
the cantilever tip. Fig. 4B shows the !Ext histograms for WT
and T16I Ig10 for all force clamp experiments. Each histogram
clearly shows a well defined peak distribution in the addition to
a small collection of low !Ext data points. The Gaussian fit to
the main peak is centered at 23.8 nm for the WT distribution
and 23.0 for T16I. Although the contour length of the polypep-
tide increases by %28 nm following domain unfolding, the
extension increase is less because of polymer coiling. From the
wormlike chain equation,
F "
kBT
Lp
! 14&1 # z/LC'2 $ zLC # 14" (Eq. 3)
a contour length gain of 28nmwould only result in an extension
increase of%22nmat a hold force of 60 pN (average clamp, 62.1
FIGURE 2. A, simplified AFM schematic. B, representative force-extension
traces of WT and T16I Ig10 5-mer stretched at 1000 nm/s. The red trace indi-
cates the cantilever tip approaching the protein-coated slide surface, and the
blue trace indicates the tip moving away from the surface with a tethered
protein. The first five low force peaks are due to Ig do ain unfolding, with an
increase in contour length and subsequent decrease in force immediately
following each unfolding event. The last force peak is due to the fully
unfolded 5-mer being displaced from the cantilever tip.
TABLE 1
Av rage u folding force ! S.E. of e ch peak for 1000 nm/s pulling
velocity
Unfolding force is pe k-dependent, and T16I results in a lower unfolding force for
all peaks. These numbers were generated from64WT force-extension traces and 51
T16I traces.
Average unfolding force
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
pN
WT 120# 2 124# 2 128# 2 134# 2 143# 4
T16I 92# 2a 97# 3a 106# 2a 117# 2a 126# 4b
a p( 0.001.
b p( 0.01.
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nate, and kBT is thermal energy at room temperature. AMonte
Carlo approach was used to simulate AFM unfolding experi-
ments over hundreds of (!xu, !0) pairs. Comp ring the exper-
imental unfolding force distribution with the simulated force
distribution allows estimation of !0 and !xu for WT and T16I
Ig10. Because unfolding force is peak-dependent, the cdfs of
unfolding forces are also peak-dependent, but this peak
dependence was removed according to order stat stics theory
(see “Exp imental Pr cedures”). As a result, the cdf d scribing
the first unfolding ev nt in a c llection of force- xtension
curves now overlaps with the cdf describing the last unfolding
event (which, by definition, is the arent cdf; Fig. 3). The trans-
formed cdfs (one for each peak) were then averaged to generate
a master parent cdf for eitherWT or T16I Ig10. This method is
preferred because data from all unfolding force peaks are ana-
lyzed si ultaneously, increasing robustness of fits. Also, it is
i c rrect t l unfolding forces from different unfolding
f a se each peak unfolding force distribution
describes a different process (e.g. the force needed to unfold one
domain when five folded domains are connected in series is
different, on average, from the force needed to unfold one
domain when 10 folded domains are connected in series). The
same transformations were used on Monte Carlo simulations
to generate a master parent cdf for each (!xu, !0) pair. The
theoretical and experimental cdfs were compared empirically
usi g the Kolmogor v-Smirnov t st (35) to find the (!xu, !0)
pair used i th Monte Carlo simulatio s that gen r ted the
master parent cdfmost consistentwith the experimental cdf for
the WT and T16I Ig10 5-mer simulations. WT Ig10 was best
described by!xu" 0.300# 0.025 nm and !0" 0.004# 0.0005
s$1, and T16I Ig10 w s b st esc ibed by !xu" 0.300# 0.025
nm and !0" 0.018# 0.0029 s$1 (#bo tstr p S.D.). This anal-
ysis s ows that the distance to the transition barrier along the
molecular end-to-end length reaction coordinate is unchanged
by the AC-linked mutation, whereas th unfolding rate at zero
force is increased%4-fold.
The previo s method gives the unfolding rate at zero force,
but we were also interested in force-dependent unfolding rates.
Therefore, we probed the effect of the disease-linked mutation
on the ability of Ig10 to resist unfolding at different external
force levels. UsingAFM feedback, wewere able to hold tethered
proteins at constant force to directly determine force-depen-
dent unfolding rates. For this protocol, we stretched a tethered
protein until a set force level developed and then held the pro-
tein at that force. This force is held until an Ig domain unfolds,
an event that immediately increases the contour length of the
molecule and removes the tension from the system. After the Ig
rupture, however, the cantilever tip quicklymoves further away
from the surface until the set force level is reestablished. The
olecule is the held at that force until another Ig domain
unfolds and the process continues. This method complements
stand r AFM data by producing information in the time
domain (e.g. hold times prior to Ig unfolding) instead of the
force domain. Sa ple force clamp data forWT Ig10 are shown
in Fig. 4A. Plotting ext nsion versus time results in a step pat-
tern that has consta t extension increa es (!Ext) following Ig
unfolding; this pattern also acts as the molecular fingerprint of
the Ig10 5-mer. Clamp forces were between 50 and 80 pN, and
molecular hold time was 5 s. Force clamp and hold time values
were chosen to minimize drift effects and increase the chances
of seeing unfolding events prior to themolecule detaching from
the c ntilever tip. Fig. 4B shows the !Ext histograms for WT
and T16I Ig10 for all force clamp experiments. Each histogram
clearly shows a well defin d p ak distribution in the addition to
a sma l collec on of low !Ext dat points. The Gaussian fit to
th main peak is cent red at 23.8 nm for the WT distribution
and 23.0 for T16I. Although the cont ur length of the polypep-
tide increases by %28 nm following domain unfolding, the
extension increase is less because of polymer coiling. Fro the
wormlike chain equation,
F "
kBT
Lp
! 14&1 # z/LC'2 $ zLC # 14" (Eq. 3)
a contour length gain of 28nmwould only result in an extension
increase of%22nmat a hold force of 60 pN ( v rage clamp, 62.1
FIGURE 2. A, simplifi d AFM schematic. B, representative force-extension
trac s f WT and T16I Ig10 5-mer tretched at 1000 nm/s. The red trace indi-
cates the cantilev r tip approac ing the prot in-coated slid surface, and the
blu trace indicates the tip oving away from the surfac with tethered
protein. The first five low force peaks are due to Ig domain unfolding, with an
incr ase in contour length and subsequent decrease in force immediately
following ach unfolding event. Th last force peak is due to the fully
u folded 5-mer being displ ced from the cantilever tip.
TABL 1
Average unfolding force ! S.E. of each peak for 1000 nm/s pulling
velocity
Unfolding force is peak-dependent, and T16I results in a lower unfolding force for
all peaks. These numbers were generated from64WT force-extension traces and 51
T16I traces.
Average unfolding force
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
pN
WT 120# 2 124# 2 128# 2 134# 2 143# 4
T16I 9 # 2a 97 3a 106# 2a 117# 2a 126# 4b
a p( 0.001.
b p( 0.01.
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nate, and kBT is thermal energy at room temperature. AMonte
Carlo approach was used to simulate AFM unfolding experi-
ments over hundreds of (!xu, !0) pairs. Co paring the xper-
imental unfolding force distribution with the simulated force
distribution allows estimation of !0 and !xu for WT and T16I
Ig10. Because unfolding force is peak-dependent, the cdfs of
unfol ing forces are also peak-dependent, but this peak
dependence was removed according to order statistics t eory
(see “Experimental Procedures”). As a result, the cdf describing
the first unfolding event in a collection of force-extension
curves now overlaps with the cdf describing the last unfolding
event (which, by definition, is the parent cdf; Fig. 3). The trans-
formed cdfs (one for each peak) were then averaged to generate
a master parent cdf for eitherWT or T16I Ig10. This method is
preferred because data from all unfolding force peaks are ana-
lyzed simultaneously, increasing robustness of fits. Also, it is
incorrect to pool unfolding forces from different unfolding
force peaks because each peak unfolding force distribution
describes a different process (e.g. the force needed to unfold one
domain when five folded domains are connected in series is
different, on average, from the force needed to unfold one
domain when 10 folded domains are connected in series). The
same transformations were used on Monte Carlo simulations
to generate a master parent cdf for each (!xu, !0) pair. The
theoretical and experimental cdfs were compared empirically
using the Kolmogorov-Smirnov test (35) to find the (!xu, !0)
pair used in the Monte Carlo simulations that generated the
master parent cdfmost consistentwith the experimental cdf for
the WT and T16I Ig10 5-mer simulations. WT Ig10 was best
described by!xu" 0.300# 0.025 nm and !0" 0.004# 0.0005
s$1, and T16I Ig10 was best described by !xu" 0.300# 0.025
nm and !0" 0.018# 0.0029 s$1 (#bootstrap S.D.). This anal-
ysis shows that the distance to the transition barrier along the
molecular end-to-end length reaction coordinate is unchanged
by the AC-linked mutation, whereas the unfolding rate at zero
force is increased%4-fold.
The previous method gives the unfolding rate at zero force,
but we were also interested in force-dependent unfolding rates.
Therefore, we probed the effect of the disease-linked mutation
on the ability of Ig10 to resist unfolding at different external
force levels. UsingAFM feedback, wewere able to hold tethered
proteins at constant force to directly determine force-depen-
dent unfolding rates. For this protocol, we stretched a tethered
protein until a set force level developed and then held the pro-
tein at that force. This force is held until an Ig domain unfolds,
an event that immediately increases the contour length of the
molecule and removes t e tension from the system. After the Ig
rupture, however, the cantil ver tip quicklym ves further away
from th s rf ce until the set forc l vel is r established. The
m lecule is n held at that forc until another Ig domain
unfolds and the process continues. This m thod complem nts
standard AFM data by produ ing informat o in the ti e
domain (e.g. hold times prior to Ig unfolding) instead of th
force domain. Sample force clam data forWT Ig10 are shown
in Fig. 4A. Plotting extension versus ti e results in a p pat-
tern that has co stan extensio ncreases (!Ext) following Ig
unfoldin ; this pat ern also acts as the molecul r fingerprint of
the Ig10 5-mer. Clamp forces were betwe n 50 and 80 pN, and
molecular hold ti e was 5 s. For e clamp and hold time values
were chosen to minimize drift effects and increase the chances
of seeing unfolding events prior to themolecule etaching from
the cantilever tip. Fig. 4B shows the !Ext histograms for WT
and T16I Ig10 for all forc clamp experiments. Each histogram
clearly shows a well defined peak distribution in the addition to
a small collection of low !Ext data points. The Gaussian fit to
the main peak is centered at 23.8 nm for the WT distribution
and 23.0 for T16I. Although the contour length of the polypep-
tide increases by %28 nm following domain unfolding, the
extension increase is less because of polymer coiling. From the
wormlike chain equation,
F "
kBT
Lp
! 14&1 # z/LC'2 $ zLC # 14" (Eq. 3)
a contour length gain of 28nmwould only result in an extension
increase of%22nmat a hold force of 60 pN (average clamp, 62.1
FIGURE 2. A, simplified AFM sch matic. B, r presenta ive force-extension
traces of WT and 16I Ig10 5-mer stret d 1000 nm/s. The red trace indi-
cates th cantilever tip approaching h protein-coated slide surface, nd the
blue trace indicates th tip moving away from th surface w th a t th red
protein. The first five low forc peaks ar due to Ig ai unfolding, with an
increase in contour gth and subsequent decr ase in f rce imme iately
followi g each u folding vent. The last forc peak is due to th fully
unfolded 5-mer being disp aced from the c ntilever tip.
TABLE 1
Average unfolding force ! S.E. of each p ak for 1000 nm/s pulling
v locity
Unfolding force is peak-depend nt, and T16I results in a lower unfolding force for
all peaks. These numbers were generated from64WT force-extension traces and 51
16I traces.
Average unfolding force
P ak 1 Peak 2 Peak 3 Peak 4 Peak 5
pN
WT 120# 2 24# 2 128# 2 134# 2 143# 4
T16I 92# 2a 97# 3a 106# 2a 117# 2a 126# 4b
a p( 0.001.
b p( 0.01.
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nate, and kBT is thermal energy at room temperature AMonte
Carlo a proach was used to simulate AFM unfolding xperi-
ments over hundreds of (!xu, !0) pa rs. Comparing the exper-
imental unfolding force distribution with the simulat d force
distribution allows estimation of !0 nd !xu for WT and T16I
Ig10. Because unfolding force is peak-dependent, the cdfs of
unfolding forces are also peak-dependent, but this peak
dependence was removed according to order statistics theory
(see “Experimental Procedures”). As a result, the cdf describing
the first unfolding event in a collection of force-extension
curves now overlaps with the cdf describing the last unfolding
event (which, by definition, is the parent cdf; Fig. 3). The trans-
formed cdfs (one for each peak) were then averaged to generate
a master parent cdf for eitherWT or T16I Ig10. This method is
preferred because data from all unfolding force peaks are ana-
lyzed simultaneously, increasing robustness of fits. Also, it is
incorrect to pool unfolding forces from different unfolding
force peaks because each peak unfolding force distribution
describes a different process (e.g. the force needed to unfold one
domain when five folded domains are connected in series is
different, on average, from the force needed to unfold one
domain when 10 folded domains are connected in series). The
same transformations were used on Monte Carlo simulations
to generate a master parent cdf for each (!x , !0) pair. The
theoretical and exp rimental dfs were compared e pirically
using the Kolmogorov-Smirnov test (35) to find the (!xu, !0)
pai us d in the Monte Carlo simulations that generated the
master parent cdfmost consistentwith the experimental cdf for
th WT an T16I Ig10 5-mer simulations. WT Ig10 was b st
described by!xu" 0.300# 0.025 nm and !0" 0.004# 0.0005
s$1, and T16I Ig10 wa best described by !xu" 0.300# 0.025
nm and !0" 0.018# 0.0029 s$1 (#bootstr p S.D.). T is anal-
ysis shows that the di tance to the transition barrier along the
molecular d-to-end l gth r action coordinat is unchanged
by the AC-linked mutation, wh reas th unfolding rate a zero
force is increased%4-fold.
The previous method gives the unfolding rate at zero force,
but we were also intereste in force-dependent unfoldin rates.
Therefore, we probed the effect of the disease-linked mutation
on the ability of Ig10 t resist unfolding at different external
force levels. UsingAFM fe dback, wewere able to hold tethered
proteins at con tant force to dir ctly d t rmine force-dep n-
ent unfolding rates. For this protocol, we stretched a tethered
protein until a set force level develop d and then eld the pro-
tein at hat force. This force is held ntil an Ig domai u folds,
an event that immediately increases the co t ur length of the
molecule and removes the tension from the system. After th Ig
rupture, however, the cantilever tip quickly ov further away
from the surface until the s t force level is reestablished. The
molec le is then held at that force until an ther Ig domain
unfolds and the process continues. This method complements
standard AFM data by producing information in the time
domain (e.g. hold times prior to Ig unfolding) instead of the
force domain. Sample force clamp data forWT Ig10 are shown
in Fig. 4A. Plotting extension versus time results in a step pat-
tern that has constant extension increases (!Ext) following Ig
unfolding; this pattern also acts as the molecular fingerprint of
the Ig10 5-mer. Clamp forces were between 50 and 80 pN, and
molecular hold time was 5 s. Force clamp and hold time values
were chosen to minimize drift effects and increase the chances
of seeing unfolding events prior to themolecule detaching from
the c ntilever tip. Fig. 4B shows the !Ext histograms for WT
a d T16I Ig10 for all force clamp experiments. Each histogram
clearly shows a well defined peak distribution in the addition to
a small collection of low !Ext data points. The Gaussian fit to
the main peak is centered at 23.8 nm for the WT distribution
and 23.0 for T16I. Although the contour length of the polypep-
tide increases by %28 nm following domain unfolding, the
extension increase is less because of polymer coiling. From the
wormlike chain equation,
F "
kBT
Lp
! 14&1 # z/LC'2 $ zLC # 14" (Eq. 3)
a contour length gain of 28nmwould only result in an extension
increase of%22nmat a hold force of 60 pN (average clamp, 62.1
FIGURE 2. A, simplified AFM schematic. B, representative force-extension
traces of WT and T16I Ig10 5-mer stretched at 1000 nm/s. The red trace indi-
cates the cantilever tip approaching the protein-coated slide surface, and the
blue trace i dicates th tip moving away from the rface with a tethered
protein. The first five low forc peaks are due to Ig domain unfolding, with n
increase in contour length and subsequent decrease in force immediately
following each unfolding event. The last force peak is due to the fully
unfolded 5-mer being displaced from the cantilever tip.
TABLE 1
Average unfolding f r e ! S.E. of each peak for 1000 nm/s pulling
velocity
Unfolding force is peak-dependent, and 16I results in a lower unfolding force for
all peaks. These numbers were generated from64WT force-extension traces and 51
T16I traces.
Avera e unfolding force
Peak 1 eak 2 Peak 3 Peak 4 Peak 5
p
WT 120# 2 124# 2 128# 2 134# 2 143# 4
T16I 92# 2a 97# 3a 106# 2a 117# 2a 126# 4b
a p( 0.001.
b p( 0.01.
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Fig re 7. Comparison of the the force-strain curves obtained
fro the model with the experimental results (see [27]). We
have fixed N = 5, εu = 1, T = 300 K, l = 24 nm a d
k¯exp = kp/Nl = 4 pN/nm, k¯d = kd/(αL) = 20 pN/n (corre-
sponding to γ ' 0.86).
Comparison with experimental result .— In order to
show the predictive capacities of the proposed model, in
Figure 7 we compare the theoretical response with AFM
experi ental unfolding behavior of tin eported in [27].
In the theo etical curve we assign the pring onstant of
the AFM used in those experiment (' 20pN/nm) and
we set the stiffness of the titin as k¯exp = 4 pN/nm which
is coherent with typical values of titin PEVK unfolding
energies (s e [26], [28] and SI). In e figu e we have in-
dicated 〈∆F 〉 because in our model the Maxwell stress of
the two-wells potential nergy is set to zero. We remark
hat th average unf lding force can be e s ly calibrated
on the experime tal r sul s y simply con idering a non-
z ro Maxw ll stress.
To further test ou results against the experimental be-
havior, in Figure 8 we study the depen ce of the rup-
tur force 〈F ∗〉 for dissociating P-selectin-PSGL-1 bond
as a func io f the spri g consta t of a (very soft) ra s-
ducer as reported in [29]. To this scope, following [30],
w describe the protein rupture as a transformatio o
a syst m with a two-wells poten ial en rgy and s cond
mini um ‘far’ from the fi st one, i.e. εu  1. Thus, we
identify the fracture force 〈F ∗〉 with the maximum at-
tain d value of 〈F 〉 as the rescaled total isplacement δ
is increased. The values of the parameters are taken from
[29] except εu (fixing t e energy barrier) whose value is
chosen in order to fit the experimental results. The lin-
ear tr nd o tained from our model s consistent with the
analysis performed in [29].
DISCUSSION
The comprehension of the response of macromolecules
is fundamental in any fields of biology, medicine and
high k¼ 47.03 10"3 pN/nm, and the prediction (line) using
Eq. 4 was in excellent agreement with the data (open squares)
(Fig. 5 B and Table 3). Taken together, bond dissociation was
dominated by the spring constant at low loading rates and the
bond rupture force depended on loading rate and mechanical
compliance of force transducer.
Bond dissociation followed stepwise regimes at
high loading rates
To further examine the dependence of most probable forces at
high loading rates, rf was systematically varied in the ange
21–188 pN/nm. As exemplified in Fig. 6, f* appeared to in-
crease stepwise with log(rf). The prediction (line) using Eq. 4
was in excellent agreement with the measured data (open
diamonds). It was also indicated that most probable forces of
P-selectin-PSGL-1 bonds measured using the current OT as-
say were comparable to those obtained using AFM, BFP, and
OTassays at rf; 25–256,000pN/nm (12–17).Thiswas further
confi medby comparing the kinetic parameters predicted using
Eqs. 4–6 (Table 1), and the kinetic parameters estimated here
were consistent with those published previously (12–17).
In addition to loading rate dependence of bond rupture
force (rupture force approach) (12–17,20), bond dissociation
is also able to be characterized using force dependence of
bond lifetime (lifetime approach) (18,22,37). P-selectin-
PSGL-1 has been found to behave like a catch bond at ap-
plied force f, 30 pN and to reach the shortest lifetime,0.3 s
at the lowest force measured (18). There might also exist
another slip-catch bond transition at applied forces as low as
,5 pN when considering the zero-force reverse rate k0r ;
1 s"1 (that is, zero-force lifetime ;1 s) (26,27,34,35). Our
data indicated that the bond lifetime predicted from the
rupture force reported here ecreased monotonically with
force and exhibited the nature of a slip bond (data not shown),
presumably due to the discrepancies in estim ting the reverse
rate betw en two approaches (16). To unravel the possible
slip-catch bond transition, a very soft force transducer is re-
quired tomeasure the force dependence of the bond lifetime at
applied forces as low as,5 pN. Caution should be taken since
the bond dissociation pathway is different even at the same
loading rate and the bond rupture force is spring constant
dependent at a low spring constant, as found in this study.
DISCUSSION
The goal of this work is to understand the bond dissociation
of P-selectin-PSGL-1 interactions at low loading rates and to
elucidate the regula ing mechanisms in bond ruptures by
systematically varied spring constants and retract velocity.
Technically, the state-of-the-art techniques with high spatial
and force resolutions are required to conduct the bond dis-
sociation measurements at low loading rates. In this work, we
used an OT approach with an accuracy of;2 nm and a spring
constant of ;10"3 pN/nm, which resulted in the force res-
olution of;53 10"3 pN to map weak noncovalent b nds at
FIGURE 5 Dependence of the most probable force on the spring constant
(A) and retract velocity (B). Data (points) were calculated as the peak forces
from rupture force histograms. (A) f* was plotted against k at a single retract
velocity 500 (solid circles), 936 (open triangles), 2000 (solid squares), 2982
(open diamonds), or 4000 (solid triangles) nm/s. The line is trend line. (B)
f* was plotted against v at a single spring constant 2.5 (solid circles), 3.4
(open circles), 5.0 (solid triangles), 10.7 (open triangles), or 20.0 (solid
squares) 310"3 pN/nm. Data are presented as the mean 6 SD. When not
visible, er or bars are within the sy bol. f* was also plotted against v at k ¼
47.0 3 10"3 pN/nm (open squares). The line is the prediction using Eq. 4.
FIGURE 6 Dependence of most probable force on loading rates by
plotting f* against log(rf) (open diamonds). The line is the prediction using
Eq. 4. Also plotted were those data published previously (12–17).
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Figur 8. Depend nce of t rupture force on he spring con-
stan of a (very oft) trans ucer compar d with experimen-
ta results (s [29]). We have fix d N = 1, ε = 35, T =
300 K, l = 40 nm and k¯p = 1 pN/nm, k¯d = kd/(αL) varying
fr m 1×10−3 pN/n to 40×10−3 pN/nm. Different symbols
corresp n to different loading rates.
bio-inspired materials engin ering. Indeed, he incredi-
ble elasticity and recovery properties of bio-materials re-
sult from the features of the constituent macromolecules.
In this paper, we have proposed a simple and effective
description of the macromolecule behavi r modeled as a
ch of elements unde going c nformational transitions
(such as in β-she ts and α-helic nfolding). SFMS tech-
iques constitu d in the l t decades the m in ex eri-
mental tools to dete mi e th undergoing en rgetics. As
we how in this paper, the only way to interpre such
expe iments is to model the macro olecule an he mea-
suri g device as a unique system (both at zero and non-
zero te perature). Here, for the first time, we deliver
explicit analytic solutions describing the force vs end-
to-end distance diagram as a function of the main non-
dimensional param ter measu ng the relative device ver-
sus macromo ecule’s stiffness. As this parame er is varied
the model describes the experimentally observed regimes
going from sawtooth tra siti ns in the case of isometric
(hard device ≡ kd → ∞) conditions to the cooperative
type (force pl teau) tr nsition observed for the assigned
f ce experim nts (soft device ≡ kd → 0). As well known
[24], such an effect is often ignored in the interpretation
of the experimental results. We believe that the approach
h re proposed and its possible extensions can represent
an important step forward in the field. In pa ticular, the
presence of mechanical interactions for proteins, cells and
biological tissu s play a crucial role in so many diseases
and biological functions [31], we observe that a direct ex-
tension of our approach to such problems can give a new
theoretical framework correctly considering the bound-
ary conditions e.g. for biomaterial growth and medical
pathologies.
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1SUPPLEMENTARY INFORMATION FOR
“UNVEILING THE INFLUENCE OF DEVICE
STIFFNESS IN SINGLE MACROMOLECULE
UNFOLDING”
Non-zero temperature
We introduce here the Hamiltonian function of the
whole system constituted by the chain and the appara-
tus. We then obtain the resulting partition function, the
free energy and the force-deformation equation.
The Hamiltonian of the system can be written as
H = Ek + V, (SI1)
where Ek and V take into account the contributions of
kinetic and potential energies, respectively. In particular,
we have
Ek =
N∑
j=1
Np2i
2m
+
p2N+1
2M
(SI2)
where pj , j = 1, . . . N + 1 are the linear momenta, m/N
and M denote the mass of each element of the chain and
the representative mass of the apparatus, respectively.
On the other hand, V contains both the non-convex po-
tential energies of the bistable elements and the elastic
contribution describing the interaction between the N -th
element of the chain and the measuring apparatus. Thus,
we have
V =
N∑
j=1
Φ(ξi) +
k¯d
2
(ξN+1)
2
(SI3)
where ξi = xi − xi−1 is the displacement difference be-
tween the elements i and i−1 (with the convention ξ0=0),
ξN+1 = ξd as in Eq.(1) and
Φ(ξj) =
k¯p
2
(ξj − aj)2. (SI4)
The material constants k¯p and k¯d represent the stiffness
of the bistable elements in the chain and of the measuring
device, respectively. They are related to the constant in
Eq. (1) of the main paper by the following relations:
k¯p = kp/(L/N) = kp/l, k¯d = kd/(αL). (SI5)
Notice that aj can assume two different (non negative)
values corresponding to the two different (folded and un-
folded) minima a
(1)
j , a
(2)
j . As a preliminary consideration,
we notice that in the following we introduce a simplifica-
tion, i.e. we expand the two energy wells in Eq.(SI4) on
the whole real line, beyond the spinodal point where they
intersect. In figure 1 of the main paper we have marked
these regions with the dashed branches of the parabola.
This simplifies the calculations and let us obtain analyt-
ical expressions.
The partition function in the canonical ensemble takes
the form
ZN =
∑
{a1,...,aN}∈{a(1),a(2)}N
∫
R2(N+1)
dp1 . . . dpN+1dξ1 . . . dξN+1e
−βHδ
(
N∑
i=1
ξi + ξN+1 − d
)
, (SI6)
where β = 1/kBT , kB is the Boltzmann constant, T the
absolute temperature and we have used the Dirac delta
in order to include the constraint
d =
N∑
i=1
L
N
εi + αLεd = L(ε¯+ αεd) (SI7)
fixing the total length d. We notice that, due to the struc-
ture of the Hamiltonian, the integrals over the momenta
are Gaussian and reduce to the constant
AN = (2pi)
(N+1)/2
(
m
Nβ
)N/2(
M
β
)1/2
. (SI8)
Thus, the partition function takes the form
ZN = AN
∑
{a1,...,aN}∈{a(1),a(2)}N
∫
RN+1
dξ1 . . . dξN+1e
−βV δ
(
N∑
i=1
ξi + ξN+1 − d
)
, (SI9)
2The constraint can be used to perform the integral over ξN+1 so that
ZN = AN
∑
{a1,...,aN}∈{a(1),a(2)}N
∫
RN
dξ1 . . . dξNe
−β
(∑N
j=1 Φ(ξi)+
k¯d
2 (
∑N
i=1 ξi−d)
2
)
. (SI10)
Finally, we can rewrite the problem in terms of the strains εi using the transformation
ξi =
L
N
εi, i = 1, . . . N. (SI11)
We obtain
ZN = CN
∑
{χ1,...,χN}∈{0,1}N
∫
RN
dε1 . . . dεNe
−β lkp2 (
∑
i (εi−εuχi)2+ Nγ1−γ (δ− 1N
∑
i εi)
2), (SI12)
where CN = AN (L/N)
N , εuχi = ai/(L/N), l = L/N ,
δ = d/L. Notice that as in the case of zero temperature
we have used the main dimensionless parameter γ defined
in Eq.(7) of the main paper. We have that
γ =
kd
kd + αkp
=
k¯d
k¯d + k¯p/N
. (SI13)
We notice that the stiffness of the macromolecule k¯exp
measured during an experiment corresponds to the stiff-
ness of N springs in series. Therefore, we have
k¯exp = k¯p/N = kp/Nl. (SI14)
Thus, we find
γ =
k¯d
k¯d + k¯p/N
=
k¯d
k¯d + k¯exp
. (SI15)
In the following we will set, without loss of generality,
the two minima of the potential wells as χi = 0 and χi =
1 > 0, i = 1, ..., N . We remark that the choice of k¯exp =
4 pN/nm and l = 24 nm adopted in the reproduction
of Figure 7 of the main paper is justified by energetic
considerations. Indeed, in order to get analytical results,
we assumed a parabolic behavior in each well instead
e.g. of a more realistic Worm Like Chain law. Thus, the
dissipation associated to each jump is
Q =
1
2
k¯exp l
2 = 1152 pN nm ' 280 kBT (SI16)
at 300 K. This is in agreement with the values estimated
in [26] based on the experiments performed on PEVK
domains [28].
A simple Gaussian integration of Eq.(SI12) gives
ZN = CN
(
2pi
βkpl
)N/2
(1− γ)1/2
∑
{χ1,...,χN}∈{0,1}N
e
βkpl
2 (
∑
i (εuχi+
γ
1−γ δ)
2− γN (
∑
i(εuχi+
γ
1−γ δ))
2−∑i ε2uχ2i−N γ1−γ δ2). (SI17)
The summation over the configurations {χ1, ..., χN} can
be rephrased in terms of the fraction p/N of unfolded
domains. In particular, we have
∑
i
χi =
∑
i
χ2i = p/N. (SI18)
Using this result, we can find the final form of the par-
tition function describing the chain and the measuring
apparatus:
ZN = KN (1− γ)1/2
N∑
p=0
(
N
p
)
e−
βkplγN
2 (εu
p
N−δ)2 ,
(SI19)
where
KN = CN
(
2pi
βkpl
)N/2
, (SI20)
and we have used the binomial coefficient in order to
3count the number of configurations of the chain with frac-
tion p/N of unfolded domains.
The expectation value of the average strain ε¯ (denoted
as 〈ε¯〉) can be evaluated as follows. We can use the par-
tition function and the definition of average of a quantity
in the canonical ensemble:
〈ε¯〉 = 1
ZN
CN
∑
{χ1,...,χN}∈{0,1}N
∫
RN
dε1 . . . dεN
(
1
N
∑
i
εi
)
e
− βkplγ2
[∑
i(εi−εuχi)2+ Nγ1−γ (δ− 1N
∑
i εi)
2
]
. (SI21)
It is straightforward to show that
1
LZN
∂
∂δ
ZN = −βkp γ
1− γ (δ − 〈ε¯〉) . (SI22)
We thus find
〈ε¯〉 = δ − 1− γ
kpγ
(
− 1
β
1
LZN
∂
∂δ
ZN
)
= δ − (1− γ)(δ − εu 〈χ¯ 〉)
= εu 〈χ¯ 〉+ γ (δ − εu 〈χ¯ 〉) , (SI23)
where
〈χ¯ 〉 =
∑N
p=0
(
N
p
)
p
N e
− βkplNγ2 (εu pN−δ)2
∑N
p=0
(
N
p
)
e−
βkplNγ
2 (εu
p
N−δ)2
. (SI24)
From these results we obtain Eq.(19) of the paper.
Thermodynamical limit
Let us start considering the sum
g(δ) =
N∑
p=0
(
N
p
)
e−
βkplγN
2 (εu
p
N−δ)2 (SI25)
which appears in the expression of the partition function
(SI17). We can introduce the variable x = p/N . In
the limit of large N , by using the Stirling approximation
n! ' (n/e)n√2pin for n 1, we have
g(δ) '
√
N
2pi
∫ 1
0
dx
√
1
x(1− x)e
−N[S(x)+β˜(εux−δ)2],
(SI26)
where β˜ = βlkpγ/2 and we have defined the entropy
S(x) = x lnx+ (1− x) ln(1− x). (SI27)
In the limitN → +∞ we can use the saddle point method
and reduce Eq.(SI26) to a Gaussian integral. The explicit
calculation gives
g(δ) ∼ 1√
1 + 2β˜εuχc(1− χc)
e−N[S(χc)+β˜(εuχc−δ)
2],
(SI28)
where χc ∈ (0, 1) is the minimum of the function
f(x) = S(x) + β˜(εux− δ)2. (SI29)
An analogous calculation shows that
h(δ) =
N∑
p=0
(
N
p
)
p
N
e−
βkplγN
2 (εu
p
N−δ)2
∼ χc√
1 + 2β˜εuχc(1− χc)
e−N[S(χc)+β˜(εuχc−δ)
2].
(SI30)
We thus have
〈χ¯ 〉 = h(δ)
g(δ)
∼ χc(δ), (SI31)
and, finally, Eq.(23)-(24) of the paper.
Numerical test of the energy approximation
In this section we include some numerical results in
order to confirm the validity of our approximations (ex-
tension of the parabolic function beyond the spinodal
point) in the chosen range of temperature and values
for the parameters of the system. In particular, in Fig-
ure SI1 we compare the force strain curves obtained via
Eq.(16) of the main paper and the numerical integration
of the partition function without approximation. Ob-
serve that even in the case of very high temperature
(T = 3000K) the approximation is very robust and leads
to a result perfectly consistent with the numerical coun-
terpart. Moreover, we test the approximation for dif-
ferent values of the spring constant of the measurement
apparatus. The results are shown in Figure SI2 support-
ing the validity of the approximation considered in the
paper.
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  (pN)
<latexit sha1_base64="XNhX/ qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSy WAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L +YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWI ENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZ lwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvx eJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKC Ix2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gq LA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnl v3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/ RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/ qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSy WAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L +YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWI ENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZ lwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvx eJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKC Ix2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gq LA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnl v3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/ RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/ qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSy WAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L +YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWI ENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZ lwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvx eJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKC Ix2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gq LA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnl v3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/ RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/ qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSy WAS9lEQEBS+iF0+iYFuhKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L +YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWI ENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZ lwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvx eJRGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKC Ix2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gq LA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnl v3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/ RKafc2WS/4Lx/ATfumQs=</latexit>
hF i
<latexit sha1_base 64="X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AA ACBXicbVA9SwNBEN3zM8avi5Y2i0GwCncia BkUxDKC+YDkCHObSVyyt3fszikhpPZX2GplJ 7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01la XlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSL SmqskySFrcQgRKHCZji8zP3mPRorY31LowS DCAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8ab gi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGA xJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFP MEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+vn VL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCP DlyqbkAA0RoJAchMjHNSipmffjz3y+SxknF9 yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7 YE/smb04j86r8+a8/4wuObOdffYHzsc3Yc+Y BA==</latexit><latexit sha1_base 64="X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AA ACBXicbVA9SwNBEN3zM8avi5Y2i0GwCncia BkUxDKC+YDkCHObSVyyt3fszikhpPZX2GplJ 7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01la XlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSL SmqskySFrcQgRKHCZji8zP3mPRorY31LowS DCAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8ab gi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGA xJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFP MEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+vn VL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCP DlyqbkAA0RoJAchMjHNSipmffjz3y+SxknF9 yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7 YE/smb04j86r8+a8/4wuObOdffYHzsc3Yc+Y BA==</latexit><latexit sha1_base 64="X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AA ACBXicbVA9SwNBEN3zM8avi5Y2i0GwCncia BkUxDKC+YDkCHObSVyyt3fszikhpPZX2GplJ 7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01la XlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSL SmqskySFrcQgRKHCZji8zP3mPRorY31LowS DCAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8ab gi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGA xJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFP MEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+vn VL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCP DlyqbkAA0RoJAchMjHNSipmffjz3y+SxknF9 yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7 YE/smb04j86r8+a8/4wuObOdffYHzsc3Yc+Y BA==</latexit><latexit sha1_base 64="X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AA ACBXicbVA9SwNBEN3zM8avi5Y2i0GwCncia BkUxDKC+YDkCHObSVyyt3fszikhpPZX2GplJ 7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01la XlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSL SmqskySFrcQgRKHCZji8zP3mPRorY31LowS DCAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8ab gi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGA xJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFP MEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+vn VL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCP DlyqbkAA0RoJAchMjHNSipmffjz3y+SxknF9 yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7 YE/smb04j86r8+a8/4wuObOdffYHzsc3Yc+Y BA==</latexit>
(a)
(b)
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σ (pN)  (pN)
<latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWynda lu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+ YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</lat exit><latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWynda lu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+ YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</lat exit><latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWynda lu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+ YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</lat exit><latexit sha1_base64="XNhX/qaMvp+gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFuhKWWynda lu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8JpGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOCISkUjit+ YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRPbFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</lat exit>
hF i
<latexit sha1_base64="X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN3z M8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQgRKHCZj i8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X8vTGGyNpR FGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4 wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN3z M8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQgRKHCZj i8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X8vTGGyNpR FGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4 wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN3z M8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQgRKHCZj i8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X8vTGGyNpR FGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4 wuObOdffYHzsc3Yc+YBA==</latexit><latexit sha1_base64="X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9SwNBEN3z M8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSljzv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLSmqskySFrcQgRKHCZj i8zP3mPRorY31LowSDCAZa9qUAyqSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9WKQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4Gn3Cj1ILFPMEDZeKT0X8vTGGyNpR FGaTEdCdnfdy8T+vnVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkAA0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4 wuObOdffYHzsc3Yc+YBA==</latexit>
 
<latexit sha1_base64="u7KZ8Oocbu2EWIfwFcd4Rk2OJ98=">AAAB+HicbVC7TsNAEDz zDOEVoKQ5ESFRRTZCgjKChjJI5CElVrS+bMKR89m6WyMFK/9ACxUdouVvKPgXbJMCEqYazexqZyeIlbTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZKDECmyJSkekEYFFJjU2SpLATG4QwUNgO xle5335AY2Wkb2kSox/CSMuhFECZ1OoNUBH0K1W35hbgi8SbkSqbodGvfPUGkUhC1CQUWNv13Jj8FAxJoXBa7iUWYxBjGGE3oxpCtH5apJ3y48QCRTxGw6XihYi/N1IIrZ2EQTYZAt3Z eS8X//O6CQ0v/FTqOCHUIj9EUmFxyAojsxqQD6RBIsiTI5eaCzBAhEZyECITk6yXctaHN//9Immd1jy35t2cVeuXs2ZK7JAdsRPmsXNWZ9eswZpMsHv2xJ7Zi/PovDpvzvvP6JIz2zlgf +B8fANHTZOh</latexit><latexit sha1_base64="u7KZ8Oocbu2EWIfwFcd4Rk2OJ98=">AAAB+HicbVC7TsNAEDz zDOEVoKQ5ESFRRTZCgjKChjJI5CElVrS+bMKR89m6WyMFK/9ACxUdouVvKPgXbJMCEqYazexqZyeIlbTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZKDECmyJSkekEYFFJjU2SpLATG4QwUNgO xle5335AY2Wkb2kSox/CSMuhFECZ1OoNUBH0K1W35hbgi8SbkSqbodGvfPUGkUhC1CQUWNv13Jj8FAxJoXBa7iUWYxBjGGE3oxpCtH5apJ3y48QCRTxGw6XihYi/N1IIrZ2EQTYZAt3Z eS8X//O6CQ0v/FTqOCHUIj9EUmFxyAojsxqQD6RBIsiTI5eaCzBAhEZyECITk6yXctaHN//9Immd1jy35t2cVeuXs2ZK7JAdsRPmsXNWZ9eswZpMsHv2xJ7Zi/PovDpvzvvP6JIz2zlgf +B8fANHTZOh</latexit><latexit sha1_base64="u7KZ8Oocbu2EWIfwFcd4Rk2OJ98=">AAAB+HicbVC7TsNAEDz zDOEVoKQ5ESFRRTZCgjKChjJI5CElVrS+bMKR89m6WyMFK/9ACxUdouVvKPgXbJMCEqYazexqZyeIlbTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZKDECmyJSkekEYFFJjU2SpLATG4QwUNgO xle5335AY2Wkb2kSox/CSMuhFECZ1OoNUBH0K1W35hbgi8SbkSqbodGvfPUGkUhC1CQUWNv13Jj8FAxJoXBa7iUWYxBjGGE3oxpCtH5apJ3y48QCRTxGw6XihYi/N1IIrZ2EQTYZAt3Z eS8X//O6CQ0v/FTqOCHUIj9EUmFxyAojsxqQD6RBIsiTI5eaCzBAhEZyECITk6yXctaHN//9Immd1jy35t2cVeuXs2ZK7JAdsRPmsXNWZ9eswZpMsHv2xJ7Zi/PovDpvzvvP6JIz2zlgf +B8fANHTZOh</latexit><latexit sha1_base64="u7KZ8Oocbu2EWIfwFcd4Rk2OJ98=">AAAB+HicbVC7TsNAEDz zDOEVoKQ5ESFRRTZCgjKChjJI5CElVrS+bMKR89m6WyMFK/9ACxUdouVvKPgXbJMCEqYazexqZyeIlbTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZKDECmyJSkekEYFFJjU2SpLATG4QwUNgO xle5335AY2Wkb2kSox/CSMuhFECZ1OoNUBH0K1W35hbgi8SbkSqbodGvfPUGkUhC1CQUWNv13Jj8FAxJoXBa7iUWYxBjGGE3oxpCtH5apJ3y48QCRTxGw6XihYi/N1IIrZ2EQTYZAt3Z eS8X//O6CQ0v/FTqOCHUIj9EUmFxyAojsxqQD6RBIsiTI5eaCzBAhEZyECITk6yXctaHN//9Immd1jy35t2cVeuXs2ZK7JAdsRPmsXNWZ9eswZpMsHv2xJ7Zi/PovDpvzvvP6JIz2zlgf +B8fANHTZOh</latexit>
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Figure SI1. Comparison of the force-strain curves obtained
using the analytical formula (16), dashed line, and the numer-
ical integration of the partition function without the approx-
imation beyond the spinodal point described in the text. We
have considered two differerent temperatures:(a) T = 300 K,
(b) T = 3000 K. In both cases we have fixed N = 1
with l = 30 nm, εu = 1, k¯d = kd/(αL) = 20 pN/nm and
k¯p = kp/l = 4 pN/nm.
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<latexit sha1_base64=" X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9Sw NBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3 fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSlj zv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLS mqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAy qSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9W KQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4G n3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+v nVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkA A0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO 2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOd ffYHzsc3Yc+YBA==</latexit><latexit sha1_base64=" X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9Sw NBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3 fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSlj zv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLS mqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAy qSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9W KQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4G n3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+v nVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkA A0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO 2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOd ffYHzsc3Yc+YBA==</latexit><latexit sha1_base64=" X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9Sw NBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3 fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSlj zv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLS mqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAy qSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9W KQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4G n3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+v nVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkA A0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO 2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOd ffYHzsc3Yc+YBA==</latexit><latexit sha1_base64=" X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9Sw NBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3 fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSlj zv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLS mqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAy qSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9W KQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4G n3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+v nVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkA A0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO 2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOd ffYHzsc3Yc+YBA==</latexit>
  (pN)
<latexit sha1_bas e64="XNhX/qaMvp+gjkPqWwFOASAXUUc= ">AAACB3icbVBNS8NAEN34bf2qevSyWAS 9lEQEBS+iF0+iYFuhKWWyndalu0nYnYg l9Af4K7zqyZt49Wd48L+YxBy0+k6P92aY Ny+IlbTkuh/O1PTM7Nz8wmJlaXllda26v tG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgc JWMDzL/dYdGiuj8JpGMXY0DELZlwIok7r VTd/KgQb/2NdBdJ/uxhd742615tbdAvw v8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOC ISkUjit+YjEGMYQBtjMagkbbSYvwY76TW KCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XP zPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvK eNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFN fv+XNPfrnlv3rg5qJ6dlMwtsi22zXeax Q3bCztklazDBRuyRPbFn58F5cV6dt+/RK afc2WS/4Lx/ATfumQs=</latexit><latexit sha1_bas e64="XNhX/qaMvp+gjkPqWwFOASAXUUc= ">AAACB3icbVBNS8NAEN34bf2qevSyWAS 9lEQEBS+iF0+iYFuhKWWyndalu0nYnYg l9Af4K7zqyZt49Wd48L+YxBy0+k6P92aY Ny+IlbTkuh/O1PTM7Nz8wmJlaXllda26v tG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgc JWMDzL/dYdGiuj8JpGMXY0DELZlwIok7r VTd/KgQb/2NdBdJ/uxhd742615tbdAvw v8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOC ISkUjit+YjEGMYQBtjMagkbbSYvwY76TW KCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XP zPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvK eNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFN fv+XNPfrnlv3rg5qJ6dlMwtsi22zXeax Q3bCztklazDBRuyRPbFn58F5cV6dt+/RK afc2WS/4Lx/ATfumQs=</latexit><latexit sha1_bas e64="XNhX/qaMvp+gjkPqWwFOASAXUUc= ">AAACB3icbVBNS8NAEN34bf2qevSyWAS 9lEQEBS+iF0+iYFuhKWWyndalu0nYnYg l9Af4K7zqyZt49Wd48L+YxBy0+k6P92aY Ny+IlbTkuh/O1PTM7Nz8wmJlaXllda26v tG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgc JWMDzL/dYdGiuj8JpGMXY0DELZlwIok7r VTd/KgQb/2NdBdJ/uxhd742615tbdAvw v8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOC ISkUjit+YjEGMYQBtjMagkbbSYvwY76TW KCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XP zPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvK eNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFN fv+XNPfrnlv3rg5qJ6dlMwtsi22zXeax Q3bCztklazDBRuyRPbFn58F5cV6dt+/RK afc2WS/4Lx/ATfumQs=</latexit><latexit sha1_bas e64="XNhX/qaMvp+gjkPqWwFOASAXUUc= ">AAACB3icbVBNS8NAEN34bf2qevSyWAS 9lEQEBS+iF0+iYFuhKWWyndalu0nYnYg l9Af4K7zqyZt49Wd48L+YxBy0+k6P92aY Ny+IlbTkuh/O1PTM7Nz8wmJlaXllda26v tG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgc JWMDzL/dYdGiuj8JpGMXY0DELZlwIok7r VTd/KgQb/2NdBdJ/uxhd742615tbdAvw v8UpSYyUuu9VPvxeJRGNIQoG1bc+NqZOC ISkUjit+YjEGMYQBtjMagkbbSYvwY76TW KCIx2i4VLwQ8edGCtrakQ6ySQ10aye9XP zPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvK eNEgEeXLkMuQCDBChkRyEyMQkq6mS9eFN fv+XNPfrnlv3rg5qJ6dlMwtsi22zXeax Q3bCztklazDBRuyRPbFn58F5cV6dt+/RK afc2WS/4Lx/ATfumQs=</latexit>
hF i
<latexit sha1_base64=" X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9Sw NBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3 fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSlj zv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLS mqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAy qSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9W KQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4G n3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+v nVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkA A0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO 2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOd ffYHzsc3Yc+YBA==</latexit><latexit sha1_base64=" X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9Sw NBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3 fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSlj zv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLS mqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAy qSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9W KQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4G n3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+v nVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkA A0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO 2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOd ffYHzsc3Yc+YBA==</latexit><latexit sha1_base64=" X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9Sw NBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3 fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSlj zv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLS mqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAy qSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9W KQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4G n3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+v nVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkA A0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO 2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOd ffYHzsc3Yc+YBA==</latexit><latexit sha1_base64=" X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9Sw NBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3 fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSlj zv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLS mqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAy qSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9W KQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4G n3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+v nVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkA A0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO 2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOd ffYHzsc3Yc+YBA==</latexit>
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<latexit sha1_base64="XNhX/qaMvp+ gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFu hKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7 Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8J pGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJ RGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCt rakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBC hkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRP bFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/qaMvp+ gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFu hKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7 Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8J pGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJ RGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCt rakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBC hkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRP bFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/qaMvp+ gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFu hKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7 Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8J pGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJ RGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCt rakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBC hkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRP bFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit><latexit sha1_base64="XNhX/qaMvp+ gjkPqWwFOASAXUUc=">AAACB3icbVBNS8NAEN34bf2qevSyWAS9lEQEBS+iF0+iYFu hKWWyndalu0nYnYgl9Af4K7zqyZt49Wd48L+YxBy0+k6P92aYNy+IlbTkuh/O1PTM7 Nz8wmJlaXllda26vtG0UWIENkSkInMTgEUlQ2yQJIU3sUHQgcJWMDzL/dYdGiuj8J pGMXY0DELZlwIok7rVTd/KgQb/2NdBdJ/uxhd742615tbdAvwv8UpSYyUuu9VPvxeJ RGNIQoG1bc+NqZOCISkUjit+YjEGMYQBtjMagkbbSYvwY76TWKCIx2i4VLwQ8edGCt rakQ6ySQ10aye9XPzPayfUP+qkMowTwlDkh0gqLA5ZYWTWCvKeNEgEeXLkMuQCDBC hkRyEyMQkq6mS9eFNfv+XNPfrnlv3rg5qJ6dlMwtsi22zXeaxQ3bCztklazDBRuyRP bFn58F5cV6dt+/RKafc2WS/4Lx/ATfumQs=</latexit>
hF i
<latexit sha1_base64=" X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9Sw NBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3 fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSlj zv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLS mqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAy qSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9W KQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4G n3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+v nVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkA A0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO 2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOd ffYHzsc3Yc+YBA==</latexit><latexit sha1_base64=" X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9Sw NBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3 fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSlj zv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLS mqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAy qSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9W KQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4G n3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+v nVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkA A0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO 2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOd ffYHzsc3Yc+YBA==</latexit><latexit sha1_base64=" X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9Sw NBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3 fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSlj zv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLS mqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAy qSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9W KQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4G n3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+v nVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkA A0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO 2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOd ffYHzsc3Yc+YBA==</latexit><latexit sha1_base64=" X0FhWJFl5TpWiYS81OVE1nmi2bQ=">AAACBXicbVA9Sw NBEN3zM8avi5Y2i0GwCnciaBkUxDKC+YDkCHObSVyyt3 fszikhpPZX2GplJ7b+Dgv/i3cxhSa+6vHeDPPmhYmSlj zv01laXlldWy9sFDe3tnd23dJew8apEVgXsYpNKwSLS mqskySFrcQgRKHCZji8zP3mPRorY31LowSDCAZa9qUAy qSuW+oo0AOF/Ip3zJR13bJX8abgi8SfkTKbodZ1vzq9W KQRahIKrG37XkLBGAxJoXBS7KQWExBDGGA7oxoitMF4G n3Cj1ILFPMEDZeKT0X8vTGGyNpRFGaTEdCdnfdy8T+v nVL/PBhLnaSEWuSHSGZv5oesMDLrBHlPGiSCPDlyqbkA A0RoJAchMjHNSipmffjz3y+SxknF9yr+zWm5ejFrpsAO 2CE7Zj47Y1V2zWqszgR7YE/smb04j86r8+a8/4wuObOd ffYHzsc3Yc+YBA==</latexit>
 
<latexit sha1_base64="u7KZ8Oocbu2EWIfwFcd4Rk2OJ98=">AAAB+HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZ CgjKChjJI5CElVrS+bMKR89m6WyMFK/9ACxUdouVvKPgXbJMCEqYazexqZyeIlbTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZKDECmyJSkekEYFFJjU2SpLATG4QwUNgOxle5335AY2Wkb2kSox/CSMuhFECZ1OoNUBH0K1W35hbgi8Sb kSqbodGvfPUGkUhC1CQUWNv13Jj8FAxJoXBa7iUWYxBjGGE3oxpCtH5apJ3y48QCRTxGw6XihYi/N1IIrZ2EQTYZAt3ZeS8X//O6CQ0v/FTqOCHUIj9EUmFxyAojsxqQD6RBIsiTI5eaCzBAhEZyECITk6yXctaHN//9Immd1jy35t 2cVeuXs2ZK7JAdsRPmsXNWZ9eswZpMsHv2xJ7Zi/PovDpvzvvP6JIz2zlgf+B8fANHTZOh</latexit><latexit sha1_base64="u7KZ8Oocbu2EWIfwFcd4Rk2OJ98=">AAAB+HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZ CgjKChjJI5CElVrS+bMKR89m6WyMFK/9ACxUdouVvKPgXbJMCEqYazexqZyeIlbTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZKDECmyJSkekEYFFJjU2SpLATG4QwUNgOxle5335AY2Wkb2kSox/CSMuhFECZ1OoNUBH0K1W35hbgi8Sb kSqbodGvfPUGkUhC1CQUWNv13Jj8FAxJoXBa7iUWYxBjGGE3oxpCtH5apJ3y48QCRTxGw6XihYi/N1IIrZ2EQTYZAt3ZeS8X//O6CQ0v/FTqOCHUIj9EUmFxyAojsxqQD6RBIsiTI5eaCzBAhEZyECITk6yXctaHN//9Immd1jy35t 2cVeuXs2ZK7JAdsRPmsXNWZ9eswZpMsHv2xJ7Zi/PovDpvzvvP6JIz2zlgf+B8fANHTZOh</latexit><latexit sha1_base64="u7KZ8Oocbu2EWIfwFcd4Rk2OJ98=">AAAB+HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZ CgjKChjJI5CElVrS+bMKR89m6WyMFK/9ACxUdouVvKPgXbJMCEqYazexqZyeIlbTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZKDECmyJSkekEYFFJjU2SpLATG4QwUNgOxle5335AY2Wkb2kSox/CSMuhFECZ1OoNUBH0K1W35hbgi8Sb kSqbodGvfPUGkUhC1CQUWNv13Jj8FAxJoXBa7iUWYxBjGGE3oxpCtH5apJ3y48QCRTxGw6XihYi/N1IIrZ2EQTYZAt3ZeS8X//O6CQ0v/FTqOCHUIj9EUmFxyAojsxqQD6RBIsiTI5eaCzBAhEZyECITk6yXctaHN//9Immd1jy35t 2cVeuXs2ZK7JAdsRPmsXNWZ9eswZpMsHv2xJ7Zi/PovDpvzvvP6JIz2zlgf+B8fANHTZOh</latexit><latexit sha1_base64="u7KZ8Oocbu2EWIfwFcd4Rk2OJ98=">AAAB+HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZ CgjKChjJI5CElVrS+bMKR89m6WyMFK/9ACxUdouVvKPgXbJMCEqYazexqZyeIlbTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZKDECmyJSkekEYFFJjU2SpLATG4QwUNgOxle5335AY2Wkb2kSox/CSMuhFECZ1OoNUBH0K1W35hbgi8Sb kSqbodGvfPUGkUhC1CQUWNv13Jj8FAxJoXBa7iUWYxBjGGE3oxpCtH5apJ3y48QCRTxGw6XihYi/N1IIrZ2EQTYZAt3ZeS8X//O6CQ0v/FTqOCHUIj9EUmFxyAojsxqQD6RBIsiTI5eaCzBAhEZyECITk6yXctaHN//9Immd1jy35t 2cVeuXs2ZK7JAdsRPmsXNWZ9eswZpMsHv2xJ7Zi/PovDpvzvvP6JIz2zlgf+B8fANHTZOh</latexit>
k¯d = 20pN/nm
<latexit sha1_base64="CGRwfcpLtLxxPEaUSXJ2gR5K+f8=">AAACDHicbVDL SgNBEJyNrxhfUS+Cl8EgeIq7IuhFCHrxJBHMA5IQeidtHDIzu8z0irLET/ArvOrJm3j1Hzz4L25iDr7qVFR1010Vxko68v13Lzc1PTM7l58vLCwuLa8UV9fqLkqswJq IVGSbIThU0mCNJClsxhZBhwob4eBk5Deu0ToZmQu6jbGjoW/kpRRAmdQtbrRDsOlg2O0d7fltHUY3aXy2a/SwWyz5ZX8M/pcEE1JiE1S7xY92LxKJRkNCgXOtwI+pk4 IlKRQOC+3EYQxiAH1sZdSARtdJxwmGfDtxQBGP0XKp+FjE7xspaOdudZhNaqAr99sbif95rYQuDzupNHFCaMToEEmF40NOWJlVg7wnLRLB6HPk0nABFojQSg5CZGKS dVXI+gh+p/9L6nvlwC8H5/ulyvGkmTzbZFtshwXsgFXYKauyGhPsjj2wR/bk3XvP3ov3+jWa8yY76+wHvLdPSHCbSA==</latexit><latexit sha1_base64="CGRwfcpLtLxxPEaUSXJ2gR5K+f8=">AAACDHicbVDL SgNBEJyNrxhfUS+Cl8EgeIq7IuhFCHrxJBHMA5IQeidtHDIzu8z0irLET/ArvOrJm3j1Hzz4L25iDr7qVFR1010Vxko68v13Lzc1PTM7l58vLCwuLa8UV9fqLkqswJq IVGSbIThU0mCNJClsxhZBhwob4eBk5Deu0ToZmQu6jbGjoW/kpRRAmdQtbrRDsOlg2O0d7fltHUY3aXy2a/SwWyz5ZX8M/pcEE1JiE1S7xY92LxKJRkNCgXOtwI+pk4 IlKRQOC+3EYQxiAH1sZdSARtdJxwmGfDtxQBGP0XKp+FjE7xspaOdudZhNaqAr99sbif95rYQuDzupNHFCaMToEEmF40NOWJlVg7wnLRLB6HPk0nABFojQSg5CZGKS dVXI+gh+p/9L6nvlwC8H5/ulyvGkmTzbZFtshwXsgFXYKauyGhPsjj2wR/bk3XvP3ov3+jWa8yY76+wHvLdPSHCbSA==</latexit><latexit sha1_base64="CGRwfcpLtLxxPEaUSXJ2gR5K+f8=">AAACDHicbVDL SgNBEJyNrxhfUS+Cl8EgeIq7IuhFCHrxJBHMA5IQeidtHDIzu8z0irLET/ArvOrJm3j1Hzz4L25iDr7qVFR1010Vxko68v13Lzc1PTM7l58vLCwuLa8UV9fqLkqswJq IVGSbIThU0mCNJClsxhZBhwob4eBk5Deu0ToZmQu6jbGjoW/kpRRAmdQtbrRDsOlg2O0d7fltHUY3aXy2a/SwWyz5ZX8M/pcEE1JiE1S7xY92LxKJRkNCgXOtwI+pk4 IlKRQOC+3EYQxiAH1sZdSARtdJxwmGfDtxQBGP0XKp+FjE7xspaOdudZhNaqAr99sbif95rYQuDzupNHFCaMToEEmF40NOWJlVg7wnLRLB6HPk0nABFojQSg5CZGKS dVXI+gh+p/9L6nvlwC8H5/ulyvGkmTzbZFtshwXsgFXYKauyGhPsjj2wR/bk3XvP3ov3+jWa8yY76+wHvLdPSHCbSA==</latexit><latexit sha1_base64="CGRwfcpLtLxxPEaUSXJ2gR5K+f8=">AAACDHicbVDL SgNBEJyNrxhfUS+Cl8EgeIq7IuhFCHrxJBHMA5IQeidtHDIzu8z0irLET/ArvOrJm3j1Hzz4L25iDr7qVFR1010Vxko68v13Lzc1PTM7l58vLCwuLa8UV9fqLkqswJq IVGSbIThU0mCNJClsxhZBhwob4eBk5Deu0ToZmQu6jbGjoW/kpRRAmdQtbrRDsOlg2O0d7fltHUY3aXy2a/SwWyz5ZX8M/pcEE1JiE1S7xY92LxKJRkNCgXOtwI+pk4 IlKRQOC+3EYQxiAH1sZdSARtdJxwmGfDtxQBGP0XKp+FjE7xspaOdudZhNaqAr99sbif95rYQuDzupNHFCaMToEEmF40NOWJlVg7wnLRLB6HPk0nABFojQSg5CZGKS dVXI+gh+p/9L6nvlwC8H5/ulyvGkmTzbZFtshwXsgFXYKauyGhPsjj2wR/bk3XvP3ov3+jWa8yY76+wHvLdPSHCbSA==</latexit>
k¯d = 1pN/nm
<latexit sha1_base64="epP28y654RfTz/5aXg6CWciwTcs=">AAACC3i cbVA9SwNBEN2L3/EramFhsxgEq3gngjaCaGMlCsYEkhDmNpO4ZHfv2J0Tw3E/wV9hq5Wd2PojLPwvXmIKjb7q8d4MM++FsZKOfP/DK0xNz8zOzS8UF5eW V1ZLa+s3LkqswKqIVGTrIThU0mCVJCmsxxZBhwprYf9s6Nfu0DoZmWsaxNjS0DOyKwVQLrVLm80QbNrP2p3joKnD6D6NL/aMztqlsl/xR+B/STAmZTbGZ bv02exEItFoSChwrhH4MbVSsCSFwqzYTBzGIPrQw0ZODWh0rXQUIOM7iQOKeIyWS8VHIv7cSEE7N9BhPqmBbt2kNxT/8xoJdY9aqTRxQmjE8BBJhaNDTl iZN4O8Iy0SwfBz5NJwARaI0EoOQuRikldVzPsIJtP/JTf7lcCvBFcH5ZPTcTPzbItts10WsEN2ws7ZJasywTL2yJ7Ys/fgvXiv3tv3aMEb72ywX/DevwD QVpsN</latexit><latexit sha1_base64="epP28y654RfTz/5aXg6CWciwTcs=">AAACC3i cbVA9SwNBEN2L3/EramFhsxgEq3gngjaCaGMlCsYEkhDmNpO4ZHfv2J0Tw3E/wV9hq5Wd2PojLPwvXmIKjb7q8d4MM++FsZKOfP/DK0xNz8zOzS8UF5eW V1ZLa+s3LkqswKqIVGTrIThU0mCVJCmsxxZBhwprYf9s6Nfu0DoZmWsaxNjS0DOyKwVQLrVLm80QbNrP2p3joKnD6D6NL/aMztqlsl/xR+B/STAmZTbGZ bv02exEItFoSChwrhH4MbVSsCSFwqzYTBzGIPrQw0ZODWh0rXQUIOM7iQOKeIyWS8VHIv7cSEE7N9BhPqmBbt2kNxT/8xoJdY9aqTRxQmjE8BBJhaNDTl iZN4O8Iy0SwfBz5NJwARaI0EoOQuRikldVzPsIJtP/JTf7lcCvBFcH5ZPTcTPzbItts10WsEN2ws7ZJasywTL2yJ7Ys/fgvXiv3tv3aMEb72ywX/DevwD QVpsN</latexit><latexit sha1_base64="epP28y654RfTz/5aXg6CWciwTcs=">AAACC3i cbVA9SwNBEN2L3/EramFhsxgEq3gngjaCaGMlCsYEkhDmNpO4ZHfv2J0Tw3E/wV9hq5Wd2PojLPwvXmIKjb7q8d4MM++FsZKOfP/DK0xNz8zOzS8UF5eW V1ZLa+s3LkqswKqIVGTrIThU0mCVJCmsxxZBhwprYf9s6Nfu0DoZmWsaxNjS0DOyKwVQLrVLm80QbNrP2p3joKnD6D6NL/aMztqlsl/xR+B/STAmZTbGZ bv02exEItFoSChwrhH4MbVSsCSFwqzYTBzGIPrQw0ZODWh0rXQUIOM7iQOKeIyWS8VHIv7cSEE7N9BhPqmBbt2kNxT/8xoJdY9aqTRxQmjE8BBJhaNDTl iZN4O8Iy0SwfBz5NJwARaI0EoOQuRikldVzPsIJtP/JTf7lcCvBFcH5ZPTcTPzbItts10WsEN2ws7ZJasywTL2yJ7Ys/fgvXiv3tv3aMEb72ywX/DevwD QVpsN</latexit><latexit sha1_base64="epP28y654RfTz/5aXg6CWciwTcs=">AAACC3i cbVA9SwNBEN2L3/EramFhsxgEq3gngjaCaGMlCsYEkhDmNpO4ZHfv2J0Tw3E/wV9hq5Wd2PojLPwvXmIKjb7q8d4MM++FsZKOfP/DK0xNz8zOzS8UF5eW V1ZLa+s3LkqswKqIVGTrIThU0mCVJCmsxxZBhwprYf9s6Nfu0DoZmWsaxNjS0DOyKwVQLrVLm80QbNrP2p3joKnD6D6NL/aMztqlsl/xR+B/STAmZTbGZ bv02exEItFoSChwrhH4MbVSsCSFwqzYTBzGIPrQw0ZODWh0rXQUIOM7iQOKeIyWS8VHIv7cSEE7N9BhPqmBbt2kNxT/8xoJdY9aqTRxQmjE8BBJhaNDTl iZN4O8Iy0SwfBz5NJwARaI0EoOQuRikldVzPsIJtP/JTf7lcCvBFcH5ZPTcTPzbItts10WsEN2ws7ZJasywTL2yJ7Ys/fgvXiv3tv3aMEb72ywX/DevwD QVpsN</latexit>
Figure SI2. Comparison of the force-strain curves obtained
using the analytical formula (16), dashed line, and the nu-
merical integration of the partition function without the ap-
proximation beyond the spinodal point described in the text.
We have considered two different spring constant of the mea-
surement apparatus. In both cases we have fixed N = 1 with
T = 300 K, l = 30 nm, εu = 1 and k¯p = kp/l = 4 pN/nm.
